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EDITORIAL 


Protect global collaboration 


rganized intellectual espionage is a concept 
that may not seem relevant to most American 
scientists because such instances are extremely 
rare, like most cases of scientific misconduct. 
But this type of theft from research institutions 
in the United States, although infrequent and 
isolated, is very real and very serious. It com- 
promises the scientific values that uphold the open- 
ness of academic institutions in the United States as 
well as the nation’s security. Over the past decade, U.S. 
academic, security, and intelligence communities have 
identified an increasing number of instances of such 
misconduct by foreign nations, primarily China but 
also Russia and Iran. As policies to aggressively deter 
these occurrences are under vigor- 
ous discussion, the scientific com- 
munity needs to step up and par- 
ticipate in designing the legal path 
forward, no matter how unpalatable 
that might seem. Otherwise, scien- 
tists will simply be left accepting the 
cards dealt to them regarding open- 
ness and collaboration, which could 
be even more distasteful. 

Currently, U.S. science funding 
and security agencies report that 
just under 200 cases of intellec- 
tual espionage are under inves- 
tigation. Violations include the 
failure to disclose foreign finan- 
cial support that is contingent on 
sharing scientific “secrets” and maintaining “shadow” 
or duplicate laboratories in two different countries but 
both working on the same problems and with dupli- 
cate support. In addition, granting agencies and scien- 
tific journals have been reporting increased violations 
of peer review confidentiality, in which research pro- 
posals or manuscripts under consideration for publi- 
cation are inappropriately shared with colleagues or 
students, who then relay the ideas and other informa- 
tion to colleagues elsewhere. If this kind of strategic 
misconduct goes unchecked, essential scientific values 
will be undermined: openness and transparency, in- 
tegrity and trust, fairness and an equal playing field 
for all, the confidentiality of peer review, and a wel- 
coming environment for students and colleagues no 


“athe scientific 
community needs 
to step up and 


participate in 
designing the legal 
path forward... 


matter their origins and ethnicities. As a result, the 
climate for science and scientific collaborations could 
become much more restrictive, and foreign scientists 
would be at risk of becoming victims of racial and 
ethnic profiling. 

In October, the U.S. Federal Bureau of Investigation 
(FBI)—in partnership with the American Council on 
Education, the Association of American Universities, 
and the Association of Public and Land-grant Univer- 
sities—convened a summit to discuss the balance be- 
tween effective strategies to mitigate espionage risks 
and maintaining the country’s openness to foreign stu- 
dents and scientists. The director of the White House 
Office of Science and Technology Policy, Kelvin Droege- 
meier, has held multisector discus- 
sions this year to explore potential 
solutions. And the U.S. National 
Academies of Science, Engineering, 
and Medicine has been conduct- 
ing similar roundtables to discuss 
the nature of the problems and 
potential strategies for mitigating 
the risks in ways that will protect 
scientific values as well as intellec- 
tual property. A proposal is pending 
in the U.S. Congress to support a 
standing roundtable on these issues 
at the National Academies. At the 
FBI summit, director Christopher 
Wray called for a partnership that 
is not just about policing intellec- 
tual property theft but also better protecting the en- 
terprise from unfair competition and other violations 
of scientific norms and values. He urged, for example, 
that all international scientific agreements include re- 
quirements for full transparency and reciprocity from 
all partners, and that there be consequences when 
those conditions are violated. 

Engaging with security agencies is an uneasy concept 
for many American scientists. They fear excessive incur- 
sion into academic life. But it will be necessary to work 
with them to ensure that the core values of science, par- 
ticularly open global collaboration, are not compromised 
by any proposed policies, regulations, or procedures. 


- Alan I. Leshner 
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46 |t just got really warm. That means that 
the eggs didn't survive. 99 


Fisheries biologist Steve Barbeaux, in Alaska Public Media, about the first federal shutdown 
of the fishing season for Pacific cod in the Gulf of Alaska, after a marine heat wave cut the population. 
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An 11-year-old girl receives the measles vaccine; most of those sickened in Samoa have been children. 


INFECTIOUS DISEASE 


Samoa battles measles, vaccine fears 


he island nation of Samoa reported this week that a large mea- 

sles outbreak, originally stoked by fears about the vaccine for 

the highly infectious disease, continued to surge. A total of 4819 

cases and 70 deaths, nearly all in children, were recorded be- 

tween mid-October and 10 December in a population of only 

about 200,000, the Ministry of Health reported; 87 new cases 
alone were reported in the 24 hours before the announcement. But 
the government also reported progress in a vaccination campaign 
that has covered about 91% of eligible people, from infants to adults. 
Vaccination rates had been declining for years, and distrust of the 
highly effective measles vaccine surged after July 2018, when two 
Samoan infants died because nurses administered doses that mistak- 
enly contained an anesthetic. The World Health Organization esti- 
mates that between 2013 and 2018, the percentage of Samoan children 
who received the measles vaccine fell from 90% to 31% for the first 
dose and from 72% to 13% for the second and final dose. These levels 
are unusually low; vaccine coverage must reach 93% to 95% of the 
population to keep measles from spreading. 
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Nuclear lab conversion halted 


NONPROLIFERATION | Russia announced 
on 5 December it has suspended work 

to convert an Iranian military site into a 
civilian research center, a side effect of the 
gradual unraveling of the nuclear deal that 
world powers struck with Iran in 2015 

to deter it from pursuing nuclear weapons. 
The accord called for reconfiguring 

348 uranium-enrichment centrifuges at 
Iran’s Fordow nuclear site to produce stable 
isotopes for medicine and research. In a 
pilot effort, Russia’s nuclear fuel company 
TVEL had converted 11 centrifuges to enrich 
isotopes of xenon and tellurium. But last 
month, Iran resumed enriching uranium at 
Fordow; in announcing it was suspending 
work, TVEL declared it was “technologi- 
cally impossible” to carry out stable isotope 
production near uranium enrichment. 


Open-access journals defined 


PUBLISHING | The funders behind Plan S, 
a push centered in Europe to make journal 
articles free to read on publication, have 
defined the conditions that subscription- 
based journals must meet for researchers 
funded by Plan S signatories to publish 
there. Such “transformative” journals must 
increase the proportion of open-access 
articles they publish by at least eight 
percentage points per year on average over 
3 years, according to guidelines proposed 
last month. The journals must commit 

to making all their articles immediately 
open access by the end of 2024 or when 
more than half of their content has already 
become so, and must provide transparent 
pricing. When all Plan S requirements take 
effect starting in 2021, grantees may also 
publish in repositories or in other journals 
in which all content is immediately open 
access. The draft guidelines are open for 
comment until 6 January 2020. 


France-Elsevier deal disappoints 


PUBLISHING | Publishing giant Elsevier has 
signed a national license deal with France’s 
consortium of universities and research 
organizations that critics say doesn’t do 
enough to advance full open access to scien- 
tific journal articles. The terms are at odds 
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Drought slays iconic Hawaiian silverswords 


espite conservation efforts, the population of silverswords 
(above) on the volcanic slopes of the Hawaiian island of 
Maui has dwindled by 60% since 1991—particularly at lower 
elevations, even though conditions there are less harsh. 
Now, scientists have an explanation that suggests the plants 
could be saved by sowing their seeds in areas that conserve mois- 
ture. It seems that silversword seeds that start out life in moist 
soil can’t cope later with the dry, hot air that climate fluctuations 
are increasingly causing. Ecologist Paul Krushelnycky from the 


with Plan S, a research funders’ mandate 

to make publications immediately free to 
read, which France’s National Research 
Agency has backed. The 4-year agreement 
announced last month includes modest dis- 
counts on journal subscription costs, which 
the government said will save €1.5 mil- 

lion this year. Unlike deals struck in other 
European countries that lump all publishing 
and reading fees, the agreement requires 
researchers to pay to publish individual 
articles as open access, but includes a 25% 
rebate. The agreement also creates a system 
to add papers to a government-backed open 
archive after 1 to 2 years—longer than 

the 6-month delay provided by French law 
for science papers. 


Space junk removal planned 


SPACE FLIGHT | The European Space 
Agency (ESA) has tapped a Swiss com- 
pany to launch in 2025 the first mission to 
remove a piece of debris from orbit. At a 
meeting last month, ESA member govern- 
ments created a space safety program to 
counter threats from inactive satellites, 
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rocket parts, and natural, near-Earth 
objects. The new program immediately 
adopted a proposal by ClearSpace to 
develop a spacecraft to home in on space 
junk and grasp it in a bear hug using four 
flexible arms. The vehicle would then 
descend with its prey into the atmosphere, 
where both would burn up. ClearSpace will 
target for ESA a 100-kilogram rocket stage 
leftover from the launch of the agency’s 
Proba-V Earth-observing satellite in 2013. 


China biometrics studies probed 


RESEARCH ETHICS | Publishers Springer 
Nature and Wiley are investigating 
whether authors failed to obtain informed 
consent from hundreds of Chinese minor- 
ity group members in multiple published 
research studies, including at least three 
about technologies that China’s police may 
be using to oppress minorities. The three 
used genetic or biometric data to predict 
height and facial features in Eurasian pop- 
ulations; one paper describes an algorithm 
for facial recognition of ethnic minorities 
including Uyghurs and Tibetans. Advocates 
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University of Hawaii in Honolulu and colleagues grew seeds from 
different elevations under drought and nondrought conditions; they 
found that wherever the seeds originated, those that sprouted 

in moister soil and then grew under drought conditions had the 
highest mortality, they reported on 29 November in Ecological 
Monographs. The finding suggests conservation efforts that 
transplant silverswords from high to low elevations won't work, 
Krushelnycky says, and that planting seeds in areas that retain 
water, such as those with gentler slopes, is more important. 


for minorities in China fear that in its 

far west, where an estimated 1 million 
individuals, most of them Muslims, have 
been detained and where most samples are 
presumed to originate, it is nearly impos- 
sible to obtain true informed consent. 
Springer Nature said it would add notes of 
concern to the papers, published this year 
in Human Genetics and the International 
Journal of Legal Medicine. 


Database details financial ties 


OVERSIGHT | The news organization 
ProPublica last week made public more 
than 8100 financial conflicts of interest 
reported to the U.S. National Institutes 
of Health by about 3000 researchers 

who have grants from the agency. The 
disclosures (online at projects.propublica. 
org/dollars-for-profs) cover compensa- 
tion such as consulting fees and equity in 
companies between 2012 and 2019. The 
database, Dollars for Profs, also holds 
more than 29,000 disclosures of faculty 
and staff members’ conflicts reported to 
public universities. 
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Donkeys face worldwide existential threat 


Surging demand for hides, used in Chinese medicine, sends populations crashing 


By Christa Lesté-Lasserre 


my McLean has always had a soft spot 

for long ears. The animal scientist at 

the University of California, Davis, 

grew up on a Georgia farm that bred 

donkeys and mules and she has com- 

peted in mule riding world champion- 
ships. Now, she studies donkey behavior and 
cognition, and she knows that despite popu- 
lar negative stereotypes, donkeys are “highly 
intelligent and highly sensitive.” 

No wonder she calls the current plight of 
the world’s donkeys “horrific.” 

Over the past 6 years, Chinese traders have 
been buying the hides of millions of butch- 
ered donkeys (Equus asinus) from develop- 
ing countries and shipping them to China, 
where theyre used to manufacture ejiao, 
a traditional Chinese medicine. The trade 
has led to an animal welfare nightmare, 
along with a threat to donkey populations, 
the severity of which is only now emerging. 
Without drastic measures, the number of 
donkeys worldwide will drop by half within 
5 years, according to a 21 November report 
by the Donkey Sanctuary, a charity based in 
Sidmouth, U.K. The crisis threatens many of 
the world’s rarer donkey breeds and a vital 
means of transport for the poor. But it is also 
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spurring new studies of donkey biology— 
including how to speed their reproduction. 

Ejiao, in use for thousands of years, pur- 
portedly treats or prevents many problems, 
including miscarriage, circulatory issues, and 
premature aging, although no rigorous clini- 
cal trials support those claims. The prepa- 
ration combines mineral-rich water from 
China’s Shandong province and collagen 
extracted from donkey hides, traditionally 
produced by boiling the skins in a 99-step 
process. Once reserved for China’s elites, 
ejiao is now marketed to the country’s boom- 
ing middle class, causing demand to surge. 
One producer, Dong’e Ejiao in Liaocheng, 
China, touts it as “a creation of heaven and 
earth” that’s now passing “from the royal trib- 
ute to the home of ordinary people.” 

Despite government incentives for new 
donkey farmers, farms in China can’t keep 
up with the exploding demand, which the 
Donkey Sanctuary currently estimates at 
4.8 million hides per year. Donkeys’ gesta- 
tion period is one full year, and they only 
reach their adult size after 2 years. So the in- 
dustry has embarked on a frenzied hunt for 
donkeys elsewhere. This has triggered steep 
population declines. In Brazil, the population 
dropped by 28% between 2007 and 2017, ac- 
cording to the new report. 
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African populations are crashing, too, 
says Philip Mshelia, an equine veterinarian 
and researcher at Ahmadu Bello University 
in Zaria, Nigeria. After buying donkeys at 
markets, traders often drive large herds to 
slaughter, sometimes covering hundreds of 
kilometers with no rest, food, or water. Those 
transported by truck fare worse: Handlers tie 
their legs together and sling them onto piles 
or strap them to the top of the truck, Mshelia 
says. Animals that survive the journey—many 
with broken or severed limbs—are unloaded 
by the ears and tails and tossed in front of a 
slaughterhouse. Some meet their end in an 
open field where humans await them with 
hammers, axes, and knives. 

For donkey owners, selling their animal 
means quick cash—now more than $200 in 
parts of Africa—but it’s often a shortsighted 
deal: The report estimates working donkeys 
support the livelihood of half a billion people 
by carrying people and goods to markets, 
schools, and health clinics. 

Tronically, the booming ejiao trade, along 
with a developing donkey dairy industry in 
Eastern Europe, has stirred scientific interest 
in donkeys. The number of PubMed-indexed 
papers with “donkeys” in the title shot up 
from six in 2000 to 46 so far this year, for 
example, including many from China. 
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Zhen Shenming, a reproductive biologist 
at the China Agricultural University in Bei- 
jing, says Chinese efforts are focused on in- 
creasing yields, for instance through artificial 
insemination—including better techniques to 
freeze and thaw sperm—and harmonization 
of the estrus in female donkeys, which allows 
farmers to inseminate them more efficiently. 
“We're improving techniques so jennies don’t 
end up empty,” Zhen says. He takes ejiao him- 
self occasionally for “better color” and “more 
energy,’ although he says scientists “still don’t 
know the bioactivity of the product.” 

Chinese breeders are also testing new nu- 
trition programs that expedite growth, lead- 
ing to an adult-size donkey in only 18 months. 
McLean believes improving welfare at donkey 
farms could further increase yields. During 
her visits to China, she encourages farmers to 
respect animal welfare rules from the Paris- 
based World Organisation for Animal Health. 
Some Chinese farms have already installed 
electric fans to cool the animals or added 
“enrichment, such as sand pits—donkeys 
love rolling in the dirt—and scratching posts. 
Next year, McLean hopes to start to screen 
Chinese populations for asinine and equine 
herpesviruses, three of which are known to 
cause abortion in donkeys. 

Faith Burden, research director at the Don- 
key Sanctuary, hopes ejiao can one day be 
produced without donkeys. A few years ago, 
researchers at the University of Barcelona in 
Spain grew hairless, bloodless horse skin in 
a laboratory, suggesting lab-grown donkey 
skin might be feasible. A recent survey by the 
University of Reading in the United Kingdom 
showed that 48% of ejiao consumers in China 
were open to accepting such a product. 

McLean’s research so far has focused on 
behavior—and has made a misnomer of 
the word “asinine” in its common use, she 
says. “Donkeys have good reasoning skills,” 
McLean says. “They are very observant and 
sentient animals, and they create very strong 
bonds with other donkeys.” That’s one reason 
she abhors the current slaughtering practice, 
in which the animals often await their turn 
while watching other donkeys being beaten 
unconscious, slaughtered, and _ skinned. 
“They're certainly quite well aware of what’s 
happening and what’s to come,’ McLean says. 
(Reputable slaughterhouses usually prevent 
animals from witnessing such scenes.) 

In developing countries, education pro- 
grams could help preserve the threatened 
herds, McLean says. “We need people to think 
of donkeys in terms of savings accounts,’ she 
says. “If they need to sell a donkey for the 
money, they need to keep one they can breed 
so that they always have at least one.” & 


Christa Lesté-Lasserre is a science journalist 
based in Paris. 
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ARTIFICIAL INTELLIGENCE 


Als direct search for 
materials breakthroughs 


Decision-making algorithms transform how robots 


evaluate and synthesize solar 


By Robert F. Service, in Boston 


n July 2018, Curtis Berlinguette, a mate- 

rials scientist at the University of Brit- 

ish Columbia in Vancouver, Canada, 

realized he was wasting his graduate 

student’s time and talent. He had asked 

her to refine a key material in solar 
cells to boost its electrical 
conductivity. But the num- 
ber of potential tweaks was 
overwhelming, from  spik- 
ing the recipe with traces of 
metals and other additives 
to varying the heating and 
drying times. “There are 
so many things you can go 
change, you can quickly go 
through 10 million [designs] you can test,” 
Berlinguette says. 

So he and colleagues outsourced the ef- 
fort to a single-armed robot overseen by 
an artificial intelligence (AI) algorithm. 
Dubbed Ada, the robot mixed different 
solutions, cast them in films, performed 
heat treatments and other processing 
steps, tested the films’ conductivity, evalu- 
ated their microstructure, and logged the 
results. The AI interpreted each experi- 
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“What used to take 
us 9 months now 
takes us 5 days.” 


Curtis Berlinguette, 


cells and more 


ment and determined what to synthesize 
next. At a meeting of the Materials Re- 
search Society (MRS) here last week, 
Berlinguette reported that the system 
quickly homed in on a recipe and heat- 
ing conditions that created defect-free 
films ideal for solar cells. “What used to 
take us 9 months now takes us 5 days,” 
Berlinguette says. 

Other material scientists 
also reported successes with 
such “closed loop” systems 
that combine the latest ad- 
vances in automation with 
AI that directs how the ex- 
periments should proceed 
on the fly. Drug developers, 
geneticists, and investiga- 
tors in other fields had already melded Als 
and robots to design and do experiments, 
but materials scientists had lagged behind. 
DNA synthesizers can be programmed to 
assemble any combination of DNA letters, 
but there’s no single way to synthesize, 
process, or characterize materials, mak- 
ing it exponentially more complicated to 
develop an automated system that can be 
guided by an AI. Materials scientists are fi- 
nally bringing such systems online. “It’s a 
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Ada, an Al-driven robot, searches for new solar cell designs at the University of British Columbia. 
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superexciting area,” says Benji Maruyama, 
a materials scientist with the U.S. Air Force 
Research Laboratory east of Dayton, Ohio. 
“The closed loop is what is really going to 
make progress in materials research go or- 
ders of magnitude faster.” 

With more than 100 elements in the 
periodic table and the ability to combine 
them in virtually limitless ways, the num- 
ber of possible materials is daunting. “The 
good news is there are millions to billions 
of undiscovered materials out there,’ says 
Apurva Mehta, a materials physicist at the 
Stanford Synchrotron Radiation Light- 
source in Menlo Park, California. The bad 
news, he says, is that most are unremark- 
able, making the challenge of finding gems 
a needle-in-the-haystack problem. 

Robots have already helped. They are 
now commonly used to mix dozens of 
slightly different recipes for 
a material, deposit them on 
single wafers or other plat- 
forms, and then process 
and test them simultane- 
ously. But simply plodding 
through recipe after recipe 
is a slow route to a break- 
through, Maruyama says. 
“High throughput is a way 


“The good news is 
there are millions 
to billions of 
undiscovered 
materials out there.” 


combinations, about a half-million, wasn’t 
realistic. So, they initially had their robots 
fabricate 600 structures that sampled the 
full array of options. A kind of vise then 
squeezed each one until it gave way. 

The group then added an AI decision- 
making algorithm that calculated the most 
likely next best design after each test. The 
program spots trends in attributes that 
confer toughness, such as the thickness 
and radius of each strut, in order to pre- 
dict even sturdier structures. “We basically 
turned on the machine and walked out the 
door,” Brown says. After 24 hours and just 
over 60 designs, the Al-driven system had 
come up with a tougher barrel than any of 
the original designs. 

Many more closed loop efforts were 
showcased at the MRS meeting. Research- 
ers at the Massachusetts Institute of Tech- 
nology in Cambridge and 
LBNL have independently 
developed autonomous sys- 
tems to find better perovskite 
photovoltaics—cheap, _ light- 
weight materials that are 
poised to revolutionize so- 
lar energy. A team at Carn- 
egie Mellon University in 
Pittsburgh, Pennsylvania, 


to do lots of experiments, Apurva Mehta, reported using another AI 
but not a lot of innovation.” Stanford Synchrotron system to find safer charge- 
To speed the process, Radiation Lightsource carrying electrolytes for 


many teams have added in 

computer modeling to predict the formula 
of likely gems. “We’re seeing an avalanche 
of exciting materials coming from predic- 
tion,” says Kristin Persson of Lawrence 
Berkeley National Laboratory (LBNL) in 
California, who runs a large-scale predic- 
tion enterprise known as the Materials 
Project. But those systems still typically 
rely on graduate students or experienced 
scientists to evaluate the results of experi- 
ments and determine how to proceed. Yet, 
“People still need to do things like sleep 
and eat,’ says Keith Brown, a mechanical 
engineer at Boston University (BU). 

So, like Berlinguette, Brown and his 
colleagues built an AlI-driven robotics sys- 
tem. Their goal was to find the toughest 
possible 3D-printed structures. Toughness 
comes from a blend of high strength and 
ductility, and it varies depending on the 
details of a structure, even if the material 
itself doesn’t change. Predicting which 
shape will be toughest isn’t feasible, Brown 
says. “You have to do the experiment.” 

As a test case, the BU team set out to 
make salt shaker-size, barrel-shaped struc- 
tures from a plastic. They varied the num- 
ber of struts that make up the outer wall 
of the barrel and details of each strut’s 
shape and orientation. Testing all possible 
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lithium-ion batteries, which 
are now prone to catching fire. And re- 
searchers at the University of Liverpool 
in the United Kingdom have developed a 
suite of Al-driven robots to discover novel 
catalysts for generating hydrogen gas, a 
potential carbon-free fuel, from water. 

Few of these projects have turned up 
blockbuster results, researchers acknowl- 
edge. However, Maruyama says, “It’s still 
early days.” One challenge is that materi- 
als scientists themselves often don’t agree 
on how best to relate a material’s conduc- 
tivity or other testable properties to its 
structure, says John Gregoire, a physicist 
at the California Institute of Technology in 
Pasadena. “If we haven’t figured out how 
to break that down in the community, it’s 
hard to imagine how we will teach a com- 
puter to do it,” he says. 

Another issue is that each team must de- 
sign its own robotics and software systems, 
as standards have yet to take shape. “Every- 
one is exploring different ways to do this,” 
says Joshua Schrier, a computational chem- 
ist at Fordham University in New York City. 
Eventually, the materials community may 
coalesce around a handful of systems that 
can be used by a wide swath of researchers, 
Schrier says. “Over the next year or two I 
think we’ll begin to see things converge.” 
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ANCIENT CLIMATE 


DNA from Arctic 
lakes traces 
past climate 
impacts 


Ancient vegetation shifts 


offer clues to the impacts 
of future warming 


By Paul Voosen, in San Francisco, California 


igh in the Canadian Arctic on Baf- 

fin Island, beneath 10 meters of wa- 

ter and many more of mud, sits a 

refrigerated archive of Earth’s past 

life. The deep sediments in a small 

lake called CF8 hold ancient pollen 
and plant fossils. But it now appears that 
the mud harbors something else: ancient 
DNA from as far back as the Eemian, a pe- 
riod 125,000 years ago when the Arctic was 
warmer than today, left by vegetation that 
otherwise would have vanished without 
a trace. 

“We feel confident that we are getting 
authentic results,’ says Sarah Crump, a 
paleoclimatologist at the University of 
Colorado in Boulder who is presenting the 
work here this week at the annual meeting 
of the American Geophysical Union. She 
acknowledges the finding needs to be con- 
firmed. But if it holds up, it could open a 
window on the ecosystems that flourished 
in the high Arctic at a time when tempera- 
tures were a few degrees warmer than to- 
day. It would also attest to the power of 
sedimentary DNA, as it’s called, to show 
how Arctic plants responded to past cli- 
mate shifts—hinting at how they might 
respond in the future. “We are now at the 
point that this is a really useful signal for 
reconstructing biodiversity,’ says Ulrike 
Herzschuh, a paleoecologist at the Alfred 
Wegener Institute in Potsdam, Germany, 
who uses the technique to study how the 
larch forests of Siberia in Russia reacted 
after the end of the last ice age some 
12,000 years ago. 

Although the search for bits of DNA pre- 
served in sediments began 2 decades ago, 
it has taken off in the past few years as the 
cost of genetic sequencing has plummeted. 
Because cold temperatures help preserve 
DNA, the Arctic has been a prime hunt- 
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CF8, a 40-hectare lake on Baffin Island in Canada, holds a DNA record of the surrounding ecosystem that may go back 125,000 years. 


ing ground, drawing geneticists and geo- 
scientists to sample permafrost, cave soils, 
and other settings, looking for molecular 
clues to the giant ice age animals that once 
roamed there (Science, 24 July 2015, p. 367). 

Lately, Arctic lakes have emerged as the 
premier archive for sedimentary ancient 
DNA, because they collect clues to entire 
ecosystems. Leaves, flowers, dung—some 
part of every organism that lives around a 
lake ends up in the water. “You’ve got an 
incredibly complicated mixture of DNA 
there,” says Peter Heintzman, a molecular 
paleobiologist at the Arctic University of 
Norway (UiT) in Tromsg. DNA is sprung 
from its cells by decay, then attaches to min- 
eral grains or organic compounds, which 
provide protection from ultraviolet radia- 
tion and oxidation. Temperatures at the 
lake bottom hover just above freezing, keep- 
ing the DNA stable. And year after year, the 
sediment keeps accumulating, its layers al- 
lowing clear dating of the DNA’s deposition. 

Traditionally scientists have used pol- 
len grains from lakebed cores to study past 
plant communities. But most plants in the 
Arctic are pollinated by insects, not by wind, 
so that little pollen ends up in the soil—and 
what’s there could have blown in from a 
distance. DNA in lake sediments more ac- 
curately reflects the plants and wildlife 
found nearby. For example, in a study pub- 
lished last month in Global Change Biology, 
Crump and others used ancient DNA to 
show that, after the planet warmed follow- 
ing the last ice age, dwarf birch arrived on 
Baffin Island some 2000 years later than re- 
searchers had concluded from pollen. “The 
pollen records are a bit biased,” Crump says, 
“leading us to believe migration was rapid, 
when it was in fact slower and inhibited by 
migration barriers.” 

It’s not easy to extract the DNA. Sci- 
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entists must be careful to collect a 
sample—typically 1 gram of mud—without 
contaminating it with modern DNA. Then, 
in a clean lab, the DNA must be extracted 
in a painstaking process of trial and error. 
“There’s not the most efficient way of pull- 
ing this stuff out,’ says Beth Shapiro, an 
evolutionary biologist at the University of 
California, Santa Cruz. Organic-rich soils 
seem to be particularly problematic; they 
are ripe with molecules like humic acid, 
which behaves like DNA and can foul later 
sequencing efforts. 

To identify plant species in the result- 
ing mélange of DNA—most of which comes 
from microbes—researchers often turn to 
metabarcoding, a technique that targets 
and amplifies a section of DNA that’s nearly 
universal in plants but is bracketed by sec- 
tions that are distinctive to species. Other 
researchers simply sequence all the DNA 
in a sample and sift through the result for 
genetic gold or use genetic probes that can 
capture even short strands of plant DNA. 
But existing databases of plant sequences 
aren’t always reliable enough to identify 
the species in the sediment. “There were a 
lot of erroneous sequences uploaded,” says 
Inger Alsos, a paleobotanist at UiT. 

To get around that problem, Alsos and 
her peers have almost finished creating 
a full genome reference library for Arctic 
plants, called PhyloNorway, that contains 
some 2000 species. (A similar effort for 
the Alps describes 4000 species.) Armed 
with these improved databases, Alsos 
and her collaborators are sampling more 
than three dozen lakes in northern Nor- 
way and the Alps, studying how shrubs 
spread across what had been tundra as 
the last ice age ended. Another European 
project, called Future Arctic Ecosystems, 
will examine a dozen lake cores from the 
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continents ringing the Arctic, studying 
the dual roles played by climate and large 
herbivores, such as mammoths, in shaping 
past plant populations. Other researchers 
are sampling lakes in southeastern Ti- 
bet in China or the Tetons in Wyoming— 
anywhere cold where DNA could endure. 

Early results challenge the simple notion 
that climate change triggers a wholesale 
turnover of plant species. “This is very of- 
ten nonsense,” Herzschuh says. Take the Si- 
berian larch forests she studies. Herzschuh 
found that certain larch species did not 
shift northward as the planet warmed after 
the last ice age, despite preferring a colder 
climate. Instead, she suggests, warming al- 
lowed the forest to grow denser, which fa- 
vored a cold-loving larch. Alsos is studying 
a core from Lake Bolshoye Shchuchye, at 
the northern end of Russia’s Ural Moun- 
tains, that tells a related story. The DNA 
suggests taller plants invaded as the region 
warmed: first shrubs, then trees. But Arc- 
tic flowers persisted, perhaps by retreat- 
ing uphill. 

Future climate warming, however, may 
dislodge—or extirpate—these holdouts. For 
clues to the fate of ecosystems in an even 
warmer world, researchers want to find 
other ancient DNA records that stretch 
back to the Eemian. Herzschuh is hope- 
ful: Her oldest Siberian record goes back 
70,000 years so far, and DNA at its bot- 
tom is as well-preserved as at the top. “We 
do not see a clear decaying signal some- 
where,” she says. 

And as the lakes yield even older re- 
cords, the field is inching toward studying 
not only the changes in plant diversity and 
abundance, but also how individual spe- 
cies adapted to climate change, Herzschuh 
adds. “We are not so far from tracing evo- 
lution through time.” § 
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Doubts persist for claimed Alzheimer’s drug 


Once declared a failure, Biogen’s antibody drug to be submitted for U.S. approval in 2020 


By Kelly Servick 


ast week, with trading in the company’s 
stock halted for the widely anticipated 
event, Biogen gave its first scientific 
presentation in defense of its startling 
claim to have developed the first drug 
that can change the devastating course 
of Alzheimer’s disease. But some scientists 
and analysts had hoped for more detail, and 
the community remains divided over whether 
the drug is a turning point in the quest for an 
Alzheimer’s treatment—or a false hope. 

At the Clinical Trials on Alzheimer’s Dis- 
ease congress in San Diego, California, 
Samantha Budd Haeberlein, Biogen’s head 
of clinical development, tried to 
clarify what had emboldened the 
Cambridge, Massachusetts-based 
biotech to say in October it would 
soon ask the U.S. Food and Drug 
Administration (FDA) to approve 
its drug, aducanumab. That an- 
nouncement was a striking turn- 
around for a drug the company 
had publicly abandoned in March 
after a discouraging preliminary 
analysis. But after examining 
more patient data, she explained, 
investigators found in one trial 
that the higher of two tested doses 
led to 22% less cognitive decline 
than a placebo after 78 weeks. 
However, the small margins sepa- 
rating the treated and placebo 
groups and the failure of a second 
trial leaves some researchers with 
a grim outlook. 

“T surely don’t think that it should be 
given market approval on the basis of these 
data,” says Robert Howard, a psychiatrist 
at University College London who has run 
clinical trials of potential Alzheimer’s treat- 
ments. By touting positive results from a 
subset of patients who weren’t preselected 
at the trial’s launch and remaining mum 
about other details of the data, he says, 
“(Biogen has] broken all the rules, really, 
about how you analyze data and report it.” 

Yet some welcome the glimmers of clini- 
cal benefits Biogen reported. In a panel 
discussion at the meeting, Sharon Cohen, 
a behavioral neurologist at the Toronto 
Memory Program in Canada and a princi- 
pal investigator in the Biogen-funded trial, 
pointed to ratings on a scale of daily activi- 
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ties that suggest aducanumab helped trial 
participants retain some independence. 
“Those of us who know this disease well 
know what it means to lose yourself, slice 
by slice, and anything you can hang on to 
and do well is a triumph.” 

Aducanumab is among the last poten- 
tial drugs standing that targets beta amy- 
loid, the protein fragment that forms sticky 
plaques around neurons in the brains of 
people with Alzheimer’s. The failure of 
several antiamyloid drugs in large clinical 
trials have suggested that plaque buildup, 
though a hallmark of Alzheimer’s, might be 
the wrong target for stopping disease pro- 
gression once people show symptoms. 


Anew drug is designed to stop buildup of beta amyloid (blue) in the brains of 
people with Alzheimer’s disease, but its clinical benefits remain murky. 


Still Biogen and its partner, Tokyo-based 
Eisai, had high hopes for aducanumab, a 
monoclonal antibody that binds to and 
eliminates forms of brain amyloid that are 
thought to be particularly noxious. In 2015, 
the companies launched two parallel clini- 
cal trials, known as ENGAGE and EMERGE, 
each testing two different doses of adu- 
canumab against a placebo in more than 
1600 people with early-stage Alzheimer’s and 
confirmed amyloid buildup in the brain. 

In March, Biogen and Eisai halted the 
trials after a planned “futility analysis” 
in a subset of participants suggested the 
drug wasn’t helping. Then came the Octo- 
ber surprise: the announcement that there 
were signs of benefit after all. In both trials, 
aducanumab had reduced amyloid buildup, 
Biogen reported, and in the EMERGE study, 
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the high-dose group showed less cogni- 
tive decline than the placebo group, based 
on a standard dementia rating scale. But 
in ENGAGE, the high-dose group declined 
slightly more than the placebo group. 

Budd Haeberlein tried last week to ex- 
plain the conflicting results. A major fac- 
tor, she said, was how the trials treated 
participants who had a genetic variant 
called APOE4. Those participants had an 
increased risk of brain swelling—a side ef- 
fect of antiamyloid antibodies that occurred 
in about one-third of people getting the 
high dose and can cause symptoms such as 
headache, dizziness, and nausea. Patients in 
both arms with APOE4 received a reduced 
amount of the antibody at first, 
as a precaution, but in 2017, the 
researchers decided they could 
safely ramp up. 

ENGAGE started about 1 month 
before EMERGE and had more 
participants already enrolled 
at the time of the change. As a 
result, a smaller proportion of 
its participants got a full, un- 
interrupted course of the maxi- 
mum dose—15% versus 21% in 
EMERGE, which might account 
for the lack of overall benefit. 
When Biogen analyzed the sub- 
sets of EMERGE and ENGAGE 
participants who consented to 
the change in protocol early 
enough to get a full maximum- 
dose course, they saw about a 
30% reduction in cognitive de- 
cline compared with placebo in both trials. 

The need for high, sustained dose of the 
antibody is “a reasonable explanation,” 
for the results, says Zaven Khachaturian, 
editor-in-chief of Alzheimer’s & Dementia. 
But, “The final answer will come [when] 
studies with higher doses for longer periods 
replicate these findings.” 

Whether Biogen should be allowed to 
market aducanumab in the meantime, per- 
haps through a conditional approval that 
requires a follow-up trial, is hotly debated. 
Biogen’s Chief Medical Officer Al Sandrock 
drew criticism last month for suggesting 
that if FDA requires another trial before 
any approval, it would consign many people 
to dementia. Agency officials can start that 
knotty calculus for themselves when Bio- 
gen’s data hit their desks early next year. 
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ARCHAEOLOGY 


Cave painting suggests ancient 
origin of modern mind 


Half-human, half-animal hunters in mythical scene show 
early artists in Indonesia had sophisticated imaginations 


By Michael Price 


ome 44,000 years ago, an artist 

climbed high onto a cave ledge on 

an Indonesian island, paintbrush in 

hand. Perhaps inspired by spiritual 

visions, the artist sketched a dynamic 

scene featuring tiny, animal-headed 
hunters armed with spears cornering for- 
midable wild hogs and small buffaloes. In 
a new study, researchers argue that the 
scene’s visionary storytelling—which they 
claim represents the oldest known figura- 
tive art made by modern humans—shows 
that people already had imaginations much 
like our own at the time of the cave paint- 
ing, and likely much earlier. 

“We think of the ability for humans to 
make a story, a narrative scene, as one of 
the last steps of human cognition,” says 
the study’s lead author, Maxime Aubert, an 
archaeologist at Griffith University in Na- 
than, Australia. “This is the oldest rock art 
in the world and all of the key aspects of 
modern cognition are there.” 

For the past 5 years, Aubert and col- 
leagues have been exploring dozens of 
caves on the Indonesian island of Sulawesi 
and have turned up hundreds of hand sten- 
cils, cave paintings, red pigment crayons, 
and carved figurines. Archaeological data 
suggest the artists came with an early wave 
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of modern humans some 50,000 years ago. 
(Modern Sulawesians hail from succes- 
sive waves of Australasian populations 
that began to arrive much later, between 
3500 and 4000 years ago.) 

In 2017, co-author Pak Hamrullah, an In- 
donesian archaeologist and caver, noticed 
a small opening in the ceiling of a previ- 
ously explored limestone cave. Scrambling 
up a fig tree vine, he found his way into 
a small grotto. Its far wall bore a panel, 
painted with a red ocher pigment. When 
Aubert saw it, he was astounded. 

“T thought, ‘Wow, it’s like a whole scene,” 
he says. “You’ve got humans, or maybe half- 
human half-animals, hunting or capturing 
these animals ... it was just amazing.” 

The hunted animals appear to be the 
Sulawesi warty pig and a small horned 
bovine called an anoa, or dwarf buffalo, 
both of which still live on the island. But 
it was the animallike features of the eight 
hunters, armed with spears or ropes, that 
captivated Aubert. Several appear to have 
elongated muzzles or snouts. One seems to 
possess a tail, while another’s mouth re- 
sembles a bird beak. 

The features could depict masks or other 
camouflage, but the researchers argue that 
dressing like small animals would be a 
poor disguise for hunters. More likely, the 
figures represent mythical animal-human 
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A portion of a narrative scene painted on an 
Indonesian cave wall shows tiny hunters corralling 
a dwarf buffalo with ropes or spears. 


hybrids, Aubert says. Such hybrids feature 
in several instances of early artwork, in- 
cluding a 35,000-year-old ivory figurine of 
a lion-man found in the German Alps. 

To date the Sulawesi cave painting, 
Aubert carefully pried out a few centimeter- 
wide shards from the painted cave wall— 
avoiding the figures and trying to do as 
little damage as possible—and brought the 
shards back to his lab. Over the years, as 
rainwater trickled through the cave’s po- 
rous limestone and seeped down its walls, 
it left small mineral deposits called cave 
popcorn on top of the paint. The popcorn 
holds trace amounts of uranium, which 
over time decays into thorium at a fixed 
rate. By analyzing the ratio of uranium 
to thorium in the mineral layer directly 
on top of the pigment, the researchers 
calculated the painting’s minimum age: 
44,000 years old, they report this week 
in Nature. 

That would make the cave scene at least 
4000 years older than other instances of 
figurative ancient rock art found in Indo- 
nesia and Europe, and some 20,000 years 
older than the oldest depictions of hunting 
scenes in Europe. In 2018, scientists dated 
some examples of disks and abstract de- 
signs from caves in Spain to 65,000 years 
ago, but these were attributed to Neander- 
thals, and some scientists have challenged 
the dating. 

The ability to imagine beings that don’t 
exist is a critical cognitive milestone, Aubert 
says, and forms the roots of religion and 
spirituality. Seeing this ability fully formed 
44,000 years ago in Sulawesi suggests it 
was probably already present in the early 
modern humans who left Africa and popu- 
lated the rest of the world. 

Nicholas Conard, an archaeologist at the 
University of Tubingen in Germany who 
wasn’t involved in the work, says that sce- 
nario makes sense given that every mod- 
ern human society has its own creative 
and mythic traditions. “These depictions 
underline the great antiquity of narratives 
and storytelling,” he says. “It is encourag- 
ing to find concrete evidence for narrative 
depictions at this early date.” 

The findings should also help dispel the 
outdated and mistaken notion that human- 
ity first became fully modern in Europe, 
adds April Nowell, an archaeologist at the 
University of Victoria in Canada. “We have 
long known this view is no longer tenable, 
and the richness of [this and other recent 
findings] continues to underscore ... the im- 
portance of the record outside Europe.” & 
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EPILEPSY S 
NEXT FRONTIER 


Almost one in every three patients suffers from seizures that are resistant 
to drugs. Scientists are looking for new ways to help them 


ndrea VonMarkle arrived in Mad- 
ison by helicopter ambulance 
2 years ago, her life hanging in 
the balance. One month earlier 
she’d been a healthy 21-year-old 
juggling community college, wait- 
ressing, and weightlifting at a lo- 
cal gym. But after several weeks 
of feeling vaguely ill and forget- 
ful, she was struck by a terrifying crisis. 

On New Year’s Eve, VonMarkle’s aunt 
had returned to the home they shared in 
northern Michigan to find her niece in 
trouble. “The door was open, and our dog 
was running down the street,” VonMarkle 
says of the scene that greeted her aunt. “I 
just kept saying, ‘I don’t know what’s going 
on, and I don’t know why I don’t know.” 
Then she started seizing. 

The seizures, which VonMarkle had 
never experienced before, didn’t stop. Doc- 
tors at a local hospital were unable to quell 
her brain’s electrical storm with powerful 
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antiseizure medications. Because unremit- 
ting seizures can destroy brain tissue and 
damage other organs, the doctors put her 
into a medically induced coma. 

“They didn’t know what to do with me,” 
she says, “so they flew me to Madison,” 
where the University of Wisconsin hospital 
had more resources and staff. VonMarkle, 
unconscious for weeks, wouldn’t find out 
until much later what a stroke of luck that 
was. She became one of the first people 
whose sudden-onset, life-threatening epi- 
lepsy would be treated in a whole new way: 
not with standard antiseizure medications, 
but by disabling the deeper roots of the dis- 
ease. For her, that meant a drug normally 
used for arthritis that seemed to soothe the 
inflammation powering her seizures. 

Although most cases of epilepsy don’t 
carry such high stakes, struggles to find a 
workable treatment play out daily. Afflict- 
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ing about one in 26 people, epilepsy is de- 
fined by its most visible symptom: seizures, 
caused by abnormal electrical activity in 
the brain. About two dozen medications 
are commonly prescribed for epilepsy, but 
roughly 30% of cases are classified as drug 
resistant because even with treatment, pa- 
tients continue to have seizures. That per- 
centage hasn’t budged in decades despite 
many new drugs—suggesting a pivot in 
tactics is desperately needed. 

“People assume that since there’s so 
many medications for epilepsy out there, 
it’s taken care of,’ says Vicky Whittemore, 
a neuroscientist and program director at 
the National Institute of Neurological Dis- 
orders and Stroke (NINDS) in Bethesda, 
Maryland. “It’s not.” 

After years of frustration, epilepsy re- 
searchers are shifting from targeting the 
seizures to seeking their cause, sometimes 
one patient at a time. Much about the condi- 
tion remains a mystery, including why anti- 
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seizure medications fail so many people, 
among them more than 1 million in the 
United States. Yet leaps in gene sequencing 
and better animal models are changing how 
scientists and doctors understand, study, 
and—sometimes—treat the disease. The 
patients who stand to benefit include new- 
borns with genetic syndromes who start to 
seize hours after birth and go on to suffer 
ruinous developmental delays, 10-year-olds 
who wake up wondering whether seizures 
will strike at school and battle difficulties 
with memory and learning, and adults 
whose head injuries put them at risk for 
epilepsy years later (see sidebar, p. 1304). 

In San Francisco, California, one lab 
boasts rows of petri dishes filled with 
eyelash-size zebrafish larvae; they are ge- 
netically engineered to match some of the 
dozens of epilepsies that strike young chil- 
dren and are used to test new treatments. 
In Belgium, industry scientists fashioned 
a medication for one of the most common 
epilepsies, focal epilepsy, on the basis of ex- 
periments in drug and disease biology. And 
some researchers hope inflammation—the 
key to VonMarkle’s condition—will help 
them crack other treatment-resistant cases. 

“It used to be that people considered 
epilepsy one big bucket,” Whittemore says. 
“What we now know is there are likely 
so many different causes, different ways 
you can get to a seizure.” Converting that 
awareness to targeted treatments is the 
next frontier. 


EPILEPSY STRIKES NEWBORNS, the elderly, 
and everyone in between. Some cases are 
genetic—researchers have linked more 
than 100 genes to the disease. Other forms 
are caused by an infection such as enceph- 
alitis or by structural malformations in the 
brain, whether congenital or due to trauma 
or a stroke. Often, the cause is unknown. 
Despite the varied paths leading to epi- 
lepsy, all share one endpoint: disruption in 
electrical missives between neurons, which 
manifests as seizures. 

For about two-thirds of patients, 
drugs that modify the function of ion 
channels—proteins in the membranes of 
neurons and other brain cells that trans- 
mit electrical signals—fully restrain sei- 
zures. For the rest, drug-resistant epilepsy 
can be crippling. “Through the day, I would 
think, ‘What if I have a seizure right now, 
what if I have one in this moment?’” says 
Kristen Grip, who was almost 14 when she 
was diagnosed with focal epilepsy, which 
affects discrete regions of the brain. About 
60% of epilepsy patients share this form of 
the disease. Medications initially quieted 
her seizures. But when treatment stopped 
working, seizures—up to 12 per month— 
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inflammation, the apparent cause of her seizures. 


punctuated her high school classes and 
basketball practice. While cycling through 
medications in a vain effort to find some- 
thing that worked, she battled drug side 
effects that included personality changes 
and exhaustion. “I felt like I wasn’t living,” 
she says. 

At 16, Grip underwent surgery in which 
part of her brain was excised—an option 
because her seizures were concentrated in 
a region that she could live without. Now 
23, she lives in Boston and is seizure-free. 

The dilemma for many patients with 
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Andrea VonMarkle was felled by a rare epilepsy syndrome until an arthritis drug subdued brain 
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tough-to-treat epilepsy is that for the most 
part, “The new drugs do what the old drugs 
do,’ says Amy Brooks-Kayal, a pediatric 
neurologist at Children’s Hospital Colorado 
and the University of Colorado in Denver. 
“We play whack-a-mole—we’ve got a bunch 
of different epilepsies popping out of dif- 
ferent holes caused by different things, 
and we try to whack all of them with the 
same hammer.” 

Investigators are searching for better 
hammers in a gleaming glass and brick 
building in Salt Lake City, where hundreds 
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of cages line the walls. This is the Epilepsy 
Therapy Screening Program at the Univer- 
sity of Utah, an NINDS effort that since 
1975 has used rodents to test more than 
32,000 potential antiseizure drugs, includ- 
ing many on the market today. 

Like other researchers around the 
world, the Utah team traditionally stud- 
ied animals with healthy brains, inducing 
seizures one at a time with chemicals or 
electroshock. But as mail carriers dropped 
off vials of experimental drugs designed 
by companies and academic labs, Karen 
Wilcox, the pharmacologist who runs the 
Utah program, fretted that healthy animals 
might not help strug- 
gling patients. “If we 
never used brains that 
had epilepsy, we might 
never fix this refractory 
problem,” she says. 

So about 4 years ago, 
following recommenda- 
tions from an NINDS 
working group, the pro- 
gram was overhauled 
to include animals that 
had chronic or spontaneous seizures. Some 
rodents have infection-induced epilepsy, 
whereas others have experienced a pro- 
longed seizure, which leaves their brains 
prone to later spontaneous seizures. 

These more sophisticated rodents cost 
five to seven times as much, because using 
them is more laborious and time-consuming 
than traditional animal models. Staff must 
monitor the animals around the clock and 
review reams of computer data chroni- 
cling their brain waves. “You don’t know 
when they’re going to have their seizures,” 
Wilcox says. “They might have two a day, 
three a day, skip days—like people.” Staff 
test only the most promising drugs on 
them; scientists are exploring new com- 
pounds these animals have helped identify. 


THE REVAMPED RODENT MODELS reflect 
growing insight into epilepsy’s varied 
roots. For every patient, “Something hap- 
pened to this brain that led to this,” says 
Annapurna Poduri, a pediatric neurologist 
who also runs a lab at Boston Children’s 
Hospital. Poduri witnesses heartbreak all 
too often in her ninth-floor clinic: severe 
epilepsies in very young children that re- 
spond poorly to treatment. In about 40% 
of these children, genetic testing reveals a 
culprit, and in scattered cases, physicians 
are reaching for unconventional treat- 
ments. A toddler in Poduri’s clinic received 
the Alzheimer’s drug memantine because 
in lab studies, it partially corrected the 
effects of the genetic defect he carried. A 
little girl went from “seizing, seizing, to 
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“What we now know is 
there are likely so many... 
different ways you 


can get to a seizure.” 


Vicky Whittemore, 
National Institute of Neurological 
Disorders and Stroke 


walking, running, jumping,” Poduri says, 
after genetic testing revealed a rare muta- 
tion whose biochemical effects pointed to 
the dietary supplement uridine as a poten- 
tial treatment. Still, such arresting stories 
are “the extreme,’ she cautions. “Maybe 
one in 100 you find one of these.” 

To move beyond anecdotes, neuro- 
scientist Scott Baraban at the University of 
California, San Francisco, is hatching thou- 
sands of genetically engineered zebrafish. 
Members of each clutch carry an epilepsy- 
causing mutation. Baraban is especially 
interested in one genetic epilepsy, Dravet 
syndrome. It triggers prolonged seizures, 


developmental delays, 
and a host of other 
problems, and it is 


profoundly resistant to 
antiseizure treatments. 
Baraban was startled 
to find that an old 
antihistamine called 
clemizole blunted sei- 
zures in a fish model of 
Dravet, and he and his 
colleagues found that it 
worked by binding to serotonin receptors 
that mediate neuron excitability. 

Clemizole was discontinued in the 
United States and elsewhere in favor of 
newer antihistamines, but a drug for 
weight loss, lorcaserin, binds to the same 
receptors and had the same helpful effect 
on Baraban’s fish. The discovery surfed 
straight “from aquarium to _ bedside,” 
Baraban says, as physicians offered the 
drug to five patients. Seizures were consid- 
erably diminished in four of them. A com- 
pany Baraban co-founded is redeveloping a 
pediatric version of clemizole and recently 
finished a small clinical trial of the drug 
in Dravet. 

Dravet is also the target of an eagerly 
awaited therapy, slated for a trial opening 
next year. The treatment, a form of RNA 
called antisense, was developed by Stoke 
Therapeutics in Bedford, Massachusetts, 
and scientists at the University of Michigan 
in Ann Arbor. Most children with Dravet 
have one normal copy of the culprit gene 
and one defective copy; in mice, the ther- 
apy binds to RNA. In doing so, it increases 
production of RNA and the healthy protein, 
compensating for the underlying defect. 

“We're just praying these treatments 
have good results, they’re safe, and they’re 
available in time for Anna,’ says Kim 
Odlaug, an advertising executive in Chi- 
cago, Illinois, whose 2-year-old daughter 
has Dravet. In children with Dravet, devel- 
opmental delays often surge between the 
ages of 2 and 5, and Odlaug worries about 
what’s to come for Anna, who performs 
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acrobatics on the family’s furniture and 
loves assembling puzzles. Because most 
of Anna’s more than 30 seizures—three of 
which left her on a ventilator—trace to ex- 
citement or illness, her parents isolate her 
from other children and activities that she 
loves, such as music class. Odlaug hopes 
that if the therapy appears safe, Anna can 
receive it in a clinical trial, because ap- 
proval is uncertain and could take years. 

But what of the many children with epi- 
lepsy for whom gene variants are suspected 
but DNA panels come back clean? Poduri 
and others are studying brain tissue from 
some of those children, usually donated 
after surgery. Some samples harbor DNA 
changes that don’t appear in the blood and 
must have happened spontaneously during 
development. Such changes are harder to 
identify but may prove powerful in steer- 
ing treatment, especially if they're shared 
across patients. Surprise discoveries include 
mutations in tumor genes and in a gene 
that helps sugar molecules bind to proteins. 

Recently, Poduri began to collaborate 
with colleagues in Melbourne, Austra- 
lia, who are assessing whether such DNA 
changes are detectable in spinal fluid. 
“Precision medicine,” she says, “has to start 
with precision diagnosis.” 


THAT’S NOT ALWAYS POSSIBLE TODAY. Many 
cases of epilepsy can’t be traced to an easily 
treatable cause, leaving patients like Grip 
to try drug after drug. The inability to hit 
on a precision diagnosis for many patients 
has led some drug company scientists to 
try another tack: understanding why the 
drugs they make don’t always work and 
figuring out how to improve on them. 

In 1999, a medication called levetirace- 
tam (Keppra) was approved for some cases 
of focal epilepsy. But the drug doesn’t help 
everyone, and scientists at the company 
that makes it, UCB in Braine-l’Alleud, 
Belgium, wanted to understand why. Ex- 
periments revealed that levetiracetam se- 
lectively binds to a protein called SV2A, 
which belongs to a family of proteins 
called SV2; the drug’s binding affects re- 
lease of neurotransmitters in the brain, 
which in turn can stanch seizures. Collabo- 
rating with scientists at the University of 
Liége in Belgium, the UCB team learned 
that another protein in the family, SV2C, is 
markedly elevated in some brain regions of 
patients with drug-resistant focal epilepsy. 
Months of study yielded another clue: Al- 
though levetiracetam prevents errant re- 
lease of neurotransmitters, the drug was 
more potent when combined with com- 
pounds that target certain neurotransmit- 
ters after they’re pumped out. 

With that knowledge in hand, UCB sci- 
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entists created padsevonil. The experi- 
mental drug acts both before and after 
neurotransmitters are released between 
nerve cells, and it targets the effects of all 
three members of the SV2 protein family. 
The company is now running two phase 
III trials, involving more than 1000 adults 
with drug-resistant focal epilepsy. “I’m not 
saying it’s the solution to drug resistance,” 
says Henrik Klitgaard, who consults for 
UCB, where he was a vice president and 
led epilepsy drug research for several 
years. But it’s a “rational approach.” 

Other leads come from evidence that 
inflammation can drive some forms of the 
disease. Powerful anti-inflammatories such 
as steroids occasionally ease seizures in 
drug-resistant epilepsy. The ketogenic diet, 
an extremely high-fat, low-carbohydrate 
diet, can sometimes help, as well. Some re- 
searchers theorize that the diet works in 
part by subduing inflammation. 

Two scientists pushing the epilepsy- 
inflammation connection forward are 
Eleonora Aronica and Annamaria Vezzani. 
In the late 1990s, Aronica, a neuropatho- 
logist at the University of Amsterdam, and 
Vezzani, a neuropharmacologist at the 
Mario Negri Institute for Pharmacological 
Research in Milan, Italy, grew intrigued by 
the presence of inflammatory molecules in 
brain cells in affected animals and people. 
Brains of fetuses that had died and had 
a genetic disease called tuberous sclero- 
sis complex, which carries about an 80% 
chance of epilepsy, showed inflammation. 
So did the brains of animals with induced 
seizures that Vezzani was studying. When 
inflammatory molecules persisted in an 
animal’s brain, they made future seizures 
more likely. After years of work, the pair 
learned that the inflammatory molecules 
increase neurons’ excitability. 

Could those links to inflammation in- 
spire new treatments? Four years ago, a 
chance encounter allowed Vezzani to test 
the idea. At a conference, she met a doctor 
from the Mayo Clinic in Rochester, Minne- 
sota. The hospital was then trying to save 
a toddler whose disease looked awfully like 
that of Vezzani’s mice—the little girl had 
unyielding seizures that began after a fever 
and infection. The child’s diagnosis was 
an extremely rare but catastrophic form 
of epilepsy called febrile infection-related 
epilepsy syndrome (FIRES), which strikes 
about one in 1 million people. 

When asked, Vezzani recommended that 
doctors try an anti-inflammatory drug 
called anakinra, which is approved for 
rheumatoid arthritis. In the rodents she’d 
studied with brain inflammation, anakinra 
minimized seizures. 

It worked in the little girl, too. “We had 
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The faces of epilepsy 

Epilepsy is defined by its most visible symptom— 
seizures—but varies in its causes and manifestations. 
Almost one-third of patients continue to suffer 
seizures despite taking medication. 


Varying causes 

Scientists are working hard to understand 
epilepsy’s many mechanisms in hopes of 
developing more targeted treatments. 


1. Genetics 

More than 100 genes have been linked 
to epilepsy, and some variants cause 
devastating symptoms in children. 


i) 


. Infection 
Infections such as encephalitis can 
sometimes trigger epilepsy, perhaps 
by inducing brain inflammation. 


. Injury 
Traumatic brain injury and other 
forms of brain damage, such as 
stroke, can cause epilepsy. 


> 


The unknown 
In about half of cases, the cause 
is amystery. 


O006 


Normal firing 

Neurons relay messages to one another when 
electrical impulses trigger neurotransmitter release. 
Neurotransmitters encourage other neurons to fire or 
hinder their firing, keeping brain activity in check. 


Misfiring 
An imbalance in neurotransmitter signaling causes 
neurons to become overexcited or lose their 


inhibitory control, causing abnormal bursts of 
electrical activity, resulting in a seizure. 


Brain activity 


Controlled 
brain messaging 


an outcome that we’ve never seen before,” 
says Eric Payne, a Mayo pediatric neuro- 
logist who treated the child. She turned 
7 in September, and a mild language delay 
and occasional seizures are the only signs 
of a brain that nearly destroyed itself. 

Two years later came VonMarkle. “I 
heard about this woman in the adult neuro- 
critical care unit who was seizing, seizing, 
and wouldn’t respond,” says David Hsu, 
a pediatric neurologist at the University 
of Wisconsin. He had trained with Payne 
and knew about the girl. Hsu snagged 
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Brain activity 


Uncontrolled : 
brain activity ™...- oa 


VonMarkle’s medical chart, which revealed 
that her tale began with headaches and 
a fever, and she, too, was diagnosed with 
FIRES. At Hsu’s urging, VonMarkle was 
started on anakinra. She had been in an 
induced coma for more than 1 month, but 
within 24 hours of starting the drug, her 
seizures stopped. Within another day she 
was weaned out of the coma. 


A THERAPY SUCH AS ANAKINRA embodies 
epilepsy’s next chapter: treatments that, 
though not always fully understood, seem to 
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Foiling epilepsy in 
a brain at risk 


By Jennifer Couzin-Frankel 


hen Greg Parks was found un- 
conscious 5 years ago with his 
bicycle lying nearby, the victim of a 
likely hit and run, his wife had an 
inkling of the arduous road ahead. 
“His brain had sheared away from his skull,” 
says Kathleen Pullen-Norris, a neurotrauma 
nurse in the intensive care unit where her 
husband was treated, at the University of 


California, Los Angeles (UCLA). A helmet had 


saved the 43-year-old's life, but barely. 

Parks, an engineer and former triathlete, 
spent weeks in the hospital learning to how 
to eat, walk, and talk as he had before the 
accident. As he healed, a shadow hovered: 
the risk of seizures. About 30% of people 
who suffer a severe traumatic brain injury 
(TBI) like Parks's—and a smaller percent- 
age of people with a milder one—later 
develop epilepsy. 

TBls can cause “a rewiring of the brain, 
going from normal to short-circuited,” says 
Paul Vespa, a neurologist and neurocritical 


care specialist at UCLA who cared for Parks. 


But the details are hazy. There's “the brain 


injury, something happens in the middle, and 


then 20 years later, seizures,” Vespa says. 

“Nobody understands what the ‘middle’ is.” 
A flurry of research is probing that arc to 

epilepsy, aiming to find ways to interrupt it. 


“TBI offers us a specific point in the patient's 
life that we can identify as the potential start 
of the disease,” says Aristea Galanopoulou, a 
neurologist and neuroscientist at the Albert 


Einstein College of Medicine in New York 
City. With that goal in mind, 3 years ago, 
a $21 million project spanning five coun- 
tries took the first steps toward prevention 
for brain-injured patients: searching for 
biomarkers that presage epilepsy and, in 


disable the deeper mechanisms of disease 
in narrow groups of patients. 

For anakinra, mysteries endure. The 
little girl Payne cared for produced a de- 
fective version of an immune protein, 
which anakinra supplemented, he and 
his colleagues later reported. That finding 
might help explain the drug’s potency for 
her. VonMarkle’s doctors haven’t deter- 
mined whether she shares this aberration 
or harbors another—or whether the drug’s 
lifesaving effects for her will linger un- 
explained. “I was ecstatic” the drug helped 
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animals, drugs that prevent it. 

Doctors already know that patients who 
have seizures in the days after their injury 
are at higher risk of epilepsy later. Ina 2018 
study in Neurobiology of Disease, researchers 
followed 90 people with moderate to severe 
TBIs for at least 2 years to quantify risk fac- 
tors. Among the 21 people who developed 
epilepsy, 38% had seizures shortly after 
injury, sometimes detected only by electro- 
encephalography (EEG) monitoring. Another 
factor also emerged: Eighty-six percent had 
hemorrhaged in their temporal lobe, which 
controls hearing and language. 

Vespa worked on that study and is one 
of the leaders of the multinational consor- 


Greg Parks (right), pictured with his wife Kathleen 
Pullen-Norris, sustained a traumatic brain injury, 
which raises the risk of epilepsy. 


tium. His center is among 13 now enrolling 
300 patients hours after a severe brain 
injury—with the consent of their families—for 
2 years of follow-up in a hunt for epilepsy 
biomarkers. The scientists are using MRIs to 
probe structural brain damage, EEGs to look 
at brain wave changes, and blood proteins 
that indicate cell damage, inflammation, and 
other disruptions. 

Scientists in the consortium, co-led by 
Galanopoulou, are studying potential preven- 
tives, too. One target of interest is the tau 
protein. A buildup of tau has been linked to 
Alzheimer’s disease as well as chronic trau- 


her, Hsu says, but “we don’t know why.” At 
least, not yet. 

Worldwide, an unknown number of chil- 
dren have received anakinra, including at 
least 25 with FIRES who are part of an un- 
published cohort and have experienced 
varied results. Payne is trying to under- 
stand whom anakinra can help and why, 
and he is hunting for neuroinflammation 
in other tough-to-treat cases of epilepsy. 
He and others caution that although in- 
flammation is worth chasing, no single 
drug will be a cure-all. 
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matic encephalopathy, which has devastated 
the brains of football players. Inflammation— 
already implicated in some cases of epilepsy 
not linked to trauma—is also being investi- 
gated as a potential target. On the basis of 
animal studies, Vespa believes brain bleeds 
trigger inflammation, which can irritate nerve 
cells and leave them firing inappropriately. 

In the long run, physicians treating TBI 
could follow the lead of the first epilepsy 
prevention trial, in babies with a rare 
genetic syndrome. Tuberous sclerosis 
complex causes benign tumors in the brain 
and elsewhere, and epilepsy in more than 
80% of patients. Earlier work identified EEG 
anomalies that often presage full-blown 
seizures. In late 2016, researchers led by 
pediatric neurologist Martina Bebin at the 
University of Alabama in Birmingham began 
to enroll the first of 80 infants. Those that 
develop the EEG anomalies are randomly 
assigned to receive either the epilepsy drug 
vigabatrin or a placebo, to test whether the 
drug can delay or prevent epilepsy—and 
whether doing so improves children's 
neurodevelopment. The medicine is the 
gold standard for treating tuberous sclero- 
sis patients who develop epilepsy. 

The goal is to trace a similar path for TBI. 
“We need something that would give us a 
readout on biological processes,’ to predict 
epilepsy before it happens, says Henrik 
Klitgaard, who led epilepsy drug research for 
several years at UCB, a pharmaceutical firm 
in Braine-l'Alleud, Belgium, and now consults 
for the company. Then doctors could give a 
preventive only to patients who need it most. 

Parks, who volunteered for a pilot study to 
help scientists plan the consortium, remains 
seizure-free. He focuses on managing linger- 
ing effects of the accident, such as sleep dis- 
turbances, not contemplating the unknown. 
For Pullen-Norris, the risk of epilepsy nags, 
but she knows she can't let it consume her. 
Instead, she considers Parks’s remarkable 
recovery and hopes for healthy days ahead. 


VonMarkle was among the lucky, though 
it didn’t feel that way at first. After waking 
up, she weighed just 43 kilograms and spent 
another 6 weeks in the hospital. Nearly 
2 years later, her short-term memory is 
sluggish and she hasn’t returned to col- 
lege, but she is waitressing, exercising, and 
working as a makeup artist. 

She still has occasional seizures but finds 
them manageable. “Just reassimilating to 
normal life was very difficult,’ VonMarkle 
says. But, she adds, “I’m very fortunate to 
be able to do what I’m doing.” 
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INGENUITY: NEXTGEN’S VISION 


Foods of the future 


We asked young scientists to write an advertisement that answers this 
question: How will food options, food availability, and individu- 
als’ food choices change in the future? A selection of their suggested 
marketing campaigns is below. Follow NextGen Voices on Twitter with 
hashtag #NextGenSci. Read previous NextGen Voices survey results at 


https://science.sciencemag.org/collection/nextgen-voices. 


Health food 


Tired of managing your diet? Health Capsule 
provides non-invasive, cognitive control of 
your hunger, satiation, and weight. Made 
possible by deep brain stimulation and 
neuromodulation technology, this envi- 
ronmentally sustainable capsule will keep 
you healthy and fit while satisfying all your 
cravings. Put calculating your calories and 
carbon footprint behind you! 


Saima Naz 
Lahore, 54570, Pakistan. 
Email: saimanaz85@gmail.com 


Try our new Bacteri-Os: The Sustainable 
Microbial Sustenance™! We start with the 
freshest plasmids and gene fragments, har- 
vested from diverse biospheres and raised 
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—Jennifer Sills 


organically and sustainably. Then, we splice 
and dice these into stable, non-infective 
carrier organisms, ensuring production of 
all secondary metabolites and metabolic 
fuels growing eukaryotes might need: yeasty 
vitamins, siderophore mineral sponges, 

and essential amino acids. A little sprinkle 
of HMG-CoA adds your fats and sterols, et 
voila! Buy your Bacteri-Os pellets wherever 
fine nutritional cakes and shakes are sold. 


Michael A. Tarselli 
SLAS, Oak Brook, IL 60523, USA. 
Email: tarselli@gmail.com 


Personalized meal plans 


Tired of your 3D-printed food all tasting 
the same? Make your fab food fabulous! 
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Our FlavorPack™ inks will make your 
proteins meatier, desserts sweeter, and 
veggies crunchier. Compatible with any 
home fab unit! 

Mark Martin Jensen 

Massachusetts General Hospital, Department 


of Surgery, Harvard Medical School, Boston, MA 
02114, USA. Email: MMJensen@MGH.Harvard.edu 


Send us your DNA, and we will predict 
your food preferences! Receive your per- 
sonalized food basket, with a day-by-day 
diet program. We will send you full meals 
and personalized smoothies based on your 
genetic taste predisposition. We know 
what you love; it’s in your DNA. 

Ada Gabriela Blidner 

Laboratorio de Inmunopatologia, 


IBYME-CONICET, 1428 Ciudad Auténoma de 
Buenos Aires, Argentina. Twitter: @adagbb 


Introducing Broth-3D technologies, by 
machine-learning chefs! Broth recipes use 
boiled local and seasonal ingredients. Miss 
your grandmother’s recipes and the beauti- 
ful plating of the past? We’ve uploaded 
images of meals created by 33,003 grand- 
mothers and distilled their knowledge into 
3D-printable dishes using broth solidifiers. 
Add nostalgic structure to your dish! 
Athanasia Nikolaou 

Department of Physics, Sapienza 


University of Rome, Rome, Italy. 
Email: athanasia.nikolaou@protonmail.com 
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Meals on the go 


Convert polluted ambient air into basic 
nutrients with Smart Straw! Sensors in 
this nano-technological device identify 
potentially nutritious particles suspended 
in the air around you. Just take a sip, 
press the Convert button, and imbibe 
basic nutrients through chemical reac- 
tions and filtering. 


Emre Ozan Polat 

ICFO-The Institute of Photonic Sciences, 
Castelldefels, Barcelona, 08860, Spain. 
Email: emre-ozan.polat@icfo.eu 


With intravenous (IV) nutrients, you no 
longer need to make time for trivial things 
like sitting down to a full meal! Plus, our 
targeted modulation of the hunger hormone 
ghrelin means no more hunger pangs. Don’t 
be tied down by mundane human concerns 
like eating and weight gain—make time for 
more with IV nutrients! 


Mallory Peterson 
Penn State College of Medicine, Hershey, PA 17033, 
USA. Email: mpetersonl1@pennstatehealth.psu.edu 


Meat 


Beeph™ is the newest, tastiest insect 
patty! If you’re old enough to remem- 
ber Kobe, you’re in for a treat! Made 
with pure, farm-raised Periplaneta and 
synthetic spice blend for that wholesome 
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goodness your family loves. When you're 
hungry for burgers, think Beeph™—It’s 
what’s for dinner! 


Donnelly A. West 
Walnut Creek, CA 94597, USA. 
Twitter: @catscausetypos 


Sustainable Steaks provides the most 
scrumptious, environmentally sensi- 

tive beef. Our steaks are sourced from 
natural grasslands and prairies, where 
livestock now fills the ecological roles left 
vacant by the wild grazers that used to 
roam these plains. Using our open-source 
FoodFootprint supplementary feeding 
system, we enhance natural grazing with 
protein-rich fodder to optimize animal 
growth while minimizing methane pro- 
duction and water consumption. At only 
$219.00/kg (including carbon taxes and 
ecological levies), our steaks are affordable 
for the whole family. 


Falko Buschke 

Centre for Environmental Management, University 
of the Free State, Bloemfontein, 9300, 

South Africa. Email: falko.buschke@gmail.com 


Fresh fruit 


As Earth’s temperatures rose, temperate 
zones were lost. Do you miss sweet temper- 
ate fruits? Welcome to our Moon Farm. 
Our fruit trees are planted in hybri-soil 
and artificial air that simulate Earth’s envi- 
ronment from 5000 years ago. Pick fruits 
with your family or ship to your doorstep 
with MoonEx. Freshness guaranteed. 


Yongsheng Ji 

Department of Human Parasitology, Anhui 
Medical University, Hefei, Anhui, 230032, China. 
Email: jiyongshengkey@hotmail.com 


West Siberian Citrus Company offers a 
bountiful array of lemons, oranges, grape- 
fruits, and limes. Once a permafrosted 
no-man’s land, Siberia is now a gorgeous 
Garden of Eden. With no deep freeze days 
during the growing season, we guarantee 
that our fruits have attained maximum size 
and flavor upon harvest. For a limited time 
only, get your dose of Vitamin “Sea” with 
our genetically engineered Florida-style 
oranges; they accurately replicate that 
2023 pre-flood tang! Voted “Better Flavor” 
than both Alaskan and Nunavut Oranges. 


Kyle J. Isaacson 
Biomedical Engineering, University of Utah, Salt 
Lake City, UT 84112, USA. Twitter: @kjisaacson 


Want to feel like a globalist glutton from 
the greedy years of centuries past? Cicada 
Steaks let you relive the joy and horror of 
eating fried animal flesh! The new recipe 
of textured Insekt™ protein, marbled with 
saturated fats, evokes steaks Grandma 
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will remember from her childhood 
when people ate cows. 
Matilda Newton 


University of Colorado, Boulder, CO 20309, USA. 
Email: matilda.newton@colorado.edu 


Do you long for the days before the Great 
Climate Shift when meat wasn’t only for 
special occasions? Are you fed up with 
paying outrageous beef and pork prices? 
Well don’t have a cow! Why pig out when 
you can GRUB! out. GRUB! (Great Rations 
Using Bugs!) is a delicious, nutritious insect 
protein that is packed full of vitamins and 
minerals. Whether it’s GRUB! burgers on the 
grill or GRUB! taco Tuesdays, make GRUB! 
part of your family’s dinner plans. 

Eric Britt Moore 


Department of Agronomy, lowa State University, 
Ames, IA 50011, USA. Email: eb m256@iastate.edu 


Carbs and starches 


Using the precision breeding technology 
CRISPR, scientists have developed a high- 
yield, disease-resistant cassava. Cassava, 

a historically crucial staple for millions of 
people, is now an even more reliable food 
source, providing food security to the devel- 
oping world where it is needed most. 

Syed Shan-e-Ali Zaidi 

Gembloux Agro-Bio Tech, University of Liége, 


Gembloux Namur, 5030, Belgium. 
Email: shan.e.ali@outlook.com 


Our dedicated team of food engineers 

has pioneered a technique to convert the 
chemical bonds in wood, turning indigest- 
ible cellulose into a scrumptious starch. The 
result? A rustic delicacy ushering in the new 
era of staple wood-based foods. Try our sig- 
nature, honey-coated wood chips at a Trader 
Joe’s near you! 

Divyansh Agarwal 

Statistics, The Wharton School, University 


of Pennsylvania, Philadelphia, PA 19104, USA. 
Twitter: @divyansh_aga 


Introducing high-energy, nutrient-rich 
Wherice, a unique mix of wheat and rice! 
Just 100 g of this tasty, digestible food fulfills 
your energy requirements for the day, saving 
you time and money. Sustainable Wherice 
can be cultivated in high-temperature areas 
of the world three times a year. 

Sudhakar Srivastava 

Institute of Environment and Sustainable 
Development, Banaras Hindu University, Varanasi, 


Uttar Pradesh, 221005, India. 
Email: sudhakar.srivastava@gmail.com 
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TOMORROW’S EARTH 
Read more articles online 
at scim.ag/TomorrowsEarth 
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Two-dimensional polymers grow up 


Silicon wafer-sized single-layer films are synthesized with a new method 


By Oliver MacLean and Federico Rosei 


reating tunable and highly con- 
ductive two-dimensional polymers 
(2DPs) using organic chemistry has 
been a goal since the isolation of gra- 
phene (J, 2). The high surface area 
and well-defined pore sizes make 
2DPs attractive for a range of applications, 
including sensors, electronics, catalysis, 
energy storage, and energy conversion. 
Conjugated 2DPs, which have 
alternating single and double 
bonds that enable electron 
delocalization, are promising 
materials for optoelectronics. 
They have high predicted car- 
rier mobilities and semicon- 
ducting behavior that contrasts 
with the metal-like properties 
of graphene (3). Challenges in 
scaling up from the laboratory 
have prevented different types 
of 2DPs from making the leap to 
practical applications. On page 
1379 of this issue, Zhong et al. 
(4) report a synthetic method 
that solves many difficulties 
related to isolating and process- 
ing 2DPs and fabricate a simple 
large-area electronic device. 
Several strategies have been 
pursued to produce single- 
layer 2DPs. One approach 
starts with a bulk 2DP crystal 
that is chemically exfoliated 
into polymer flakes, although 
this yields a range of thick- 
nesses and reduced quality. 
The bulk crystal can be syn- 
thesized following either the 
covalent organic framework (COF) para- 
digm, which applies reversible chemistry 
to attain a highly ordered product (5), or 
by solid-state topochemical polymeriza- 
tion, where precursor molecules within a 
crystal are aligned to directly form ordered 
2D layers (6). Alternatively, single-layer 


Porphyrin 
Nonpolar 


Polar 


Centre Energie, Matériaux et Télécommunications, Institut 
National de la Recherche Scientifique, 1650 Boul. Lionel 
Boulet, Varennes, Québec J3X 1S2, Canada. 

Email: rosei@emt.inrs.ca 
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1 Injected porphyrin molecules assemble 
inasingle, 2D layer at the interface. 


solvent ——*s 


Interface —-— 


k 


solvent ———s 


3 The nonpolar solvent evaporates. 


2DPs can be produced directly by confin- 
ing polymerization on a single-crystal 
surface. Conjugated polymers have been 
synthesized on catalytic metal surfaces in 
a vacuum (7), but usually with nanometer 
domain sizes. Recently, a micrometer-sized 
organometallic polymer was synthesized 
(8). Larger 2DPs with highly ordered hun- 
dred-nanometer-sized domains have been 
produced with the dynamic COF approach 
at liquid-solid interfaces. However, this 


Reagents in 


link together 
assembled 
molecules. 


the water phase 


4 The water phase is drained slowly, 
lowering the film onto the substate. 


molecules, with both hydrophilic and lipo- 
philic groups, to one layer causes them to 
form a 2D assembly at the interface. This is 
linked into a polymer by a reagent soluble 
only in the other phase. The second key 
advantage of this approach is that the 2DP 
is easy to transfer to a substrate by simply 
removing the liquid slowly (see the figure). 

Zhong et al. developed an interfacial 
synthesis method, laminar assembly po- 
lymerization (LAP), that produces uniform 


Synthesizing and scaling two-dimensional polymers 
Centimeter-sized 2D polymers (2DPs) are fabricated with a multiple-step process to fit neatly on substrates. 
The chemical reaction occurs at the interface of immiscible liquids, which are siphoned off later to deposit the film. 


2 Once the reaction is complete, a single-layer polymer 
film is obtained with the dimensions of the reactor. 


has been accomplished for only a limited 
family of polymers (9). In addition, 2DP 
synthesis on crystalline surfaces generally 
requires a subsequent, nontrivial, step of 
transferring the polymer to an insulating 
substrate for device fabrication. 

In a third category, polymers are formed 
at a liquid-liquid interface, where the films 
can grow uninterrupted to the size of 
inches. A sharp interface between the two 
liquid layers is formed by using two im- 
miscible fluids. Adding planar amphiphilic 
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single-layer films at the inch scale. This 
scale is the same as that of silicon wafers, 
and the method is compatible with exist- 
ing patterning and integration techniques. 
They synthesized porphyrin-based cova- 
lent and coordination polymers that are 
the 2D analogs of COFs and metal-organic 
frameworks, respectively. The LAP tech- 
nique injects amphiphilic precursors using 
microsyringe pumps to form 2D structures 
by self-assembly, so multiple pumps could 
produce larger films or stripes with tun- 
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able widths. This method therefore offers 
improved scalability and patterning over 
the air-liquid polymerization previously 
used to achieve a wafer-scale covalent 2DP 
(10). Beyond stripes, the film can be arbi- 
trarily patterned using a laser to selectively 
remove material. The authors used scan- 
ning electron microscopy and atomic force 
microscopy to establish the uniformity and 
single-layer nature of the polycrystalline 
films. The films were sufficiently robust to 
be suspended across 2-~m holes in a me- 
tallic grid. 

The intense interest in 2D materials 
stems from their remarkable intrinsic prop- 
erties and the potential to layer them into 
tailor-made structures. These so-called van 
der Waals heterostructures may give rise to 
intriguing phenomena that are not present 
in each individual material (J1). Zhong et 
al. produced heterostructures by transfer- 
ring 2DP films onto stacked MoS, layers. 
These films were used to fabricate a series 
of capacitors, demonstrating the potential 
of their approach to realize new active ma- 
terials for electronic devices. 

The scalability and technical com- 
patibility of the LAP method promises 
exciting new developments in 2DPs. 
Porphyrin-based 2DPs have numerous 
possible applications (12), yet the LAP 
method could be extended to other pla- 
nar, amphiphilic precursors and different 
linkage chemistries. One target would be 
to achieve fully conjugated 2DPs with high 
charge mobilities. Better optimizing the 
crystallinity of the films will be important 
for improving the distinctive properties of 
van der Waals heterostructures and more 
generally for electronics and optoelectron- 
ics applications. The advent of wafer-scale 
2DPs opens up an array of opportunities 
in photonics and other emerging technolo- 
gies, promising to continue the revolution 
sparked by graphene. 
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Molecular messages 
in human microbiota 


Multiple approaches reveal the molecular 
wealth from the gut microbiome 


By Matthew T. Henke and Jon Clardy 


he roughly 1 trillion bacteria typically 

living in and on a human sense and 

respond to their environment with 

diffusible small molecules. Some of 

these molecules also affect their hu- 

man hosts or neighboring microbes. 
There are numerous studies correlating bac- 
terial populations, or changes in bacterial 
populations, with health or disease, but only 
a few of the molecules and mechanisms that 
underlie these correlations have been iden- 
tified (1-3). Two systematic approaches to 
identify these bacterially produced molecules 
and their associated functions are described 
in this issue. On page 1332, Sugimoto et al. 
(4) describe how bioinformatic analysis of 
metagenomes—the collective genes of a mi- 
crobial community—can reveal previously 
unknown bacterial metabolites that may 
function as antibiotics. On page 1331, Guo et 
al. (5) describe a gene-deletion approach that 
discovered the ability of known bacterial me- 
tabolites to affect human immune responses. 
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Researchers have access to truly stag- 
gering amounts of DNA sequence data 
from bacterial genomes and, increasingly, 
metagenomes. These data can reveal the 
biosynthetic potential of the gut microbiota 
(6). In this sense, human microbiome re- 
search is roughly at the stage reached by 
the human genome project in 2003—there 
is a good grasp of the genes involved. But 
there are a hundred times more genes dis- 
tributed over hundreds of different kinds 
of bacteria found in or on a typical human. 
Unscrambling which bacteria are making 
what molecular messages, and to whom 
they are addressed, is a massively complex 
task. These bacterially produced molecules 
can be addressed to the host or to other 
microbes in the environment. Both stud- 
ies investigated this challenge in different 
ways. Sugimoto et al. describe molecular 
messages, likely between bacteria, and dis- 
covered these metabolites by searching for 
newly described biosynthetic gene clusters 
related to known antibiotics. Guo et al. 
sought to assign host functions to known 
microbiota-produced metabolites. 

Both of these approaches required the 
ability to manipulate bacterial genes, 
and the single greatest impediment to 
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mechanistic microbiome research is the 
lack of broadly applicable genetic tools 
for virtually all members of the human 
gut microbiota. The ability to delete a 
gene, to reintroduce a gene, or to confer 
a gene’s proposed role to another organ- 
ism is essential for rigorous mechanistic 
studies. Several groups, including Guo et 
al., have developed tools that are appli- 
cable to a subset of the microbiota; the 
method of Guo et al. is promising for the 
genus Clostridium, which includes patho- 
gens such as C. difficile and C. botulinum. 
Although developing a tool kit for each in- 
dividual or bacterial group of interest (7) 
seems both tedious and daunting, it might 
be the best path forward, because develop- 
ing broadly applicable genetic tools has 
been difficult. Another important obstacle 
to mechanistic microbiota research is the 
complexity of the host-microbiota interac- 
tions. Differences in human genetics, the 
spatial organization and temporal dynam- 
ics of an individual’s microbiota, the vari- 
ability of microbiomes between people and 
between an individual in different con- 
texts, and functional redundancy within 
microbiomes all obfuscate the roles that 
individual molecules may play. 

Sugimoto et al. extended a previous 
study (8), which parsed complete genomes 
in databases to identify the distribution of 
biosynthetic genes into various classes, to 
use metagenomic data that have not been 
sorted into individual bacterial genomes. 
To illustrate the technique, they focused 
on an easily identifiable feature of a widely 
distributed pathway—an essential domain 
found in type II polyketide synthase gene 
clusters, which produce drug-like molecules 
that share an evolutionary origin with fatty 
acids. When metagenomic data were found 
to contain this feature, the authors could 
selectively assemble related sequences into 
a complete pathway. In this manner, they 
found 13 previously undescribed polyketide 
biosynthetic gene clusters. They found that 
almost all people harbor bacteria with at 
least one of these gene clusters, that differ- 
ent gene clusters are found in different body 
sites (that is, skin, gut, mouth, or vagina), 
and that these gene clusters are found at 
varying frequencies in different groups of 
people. When two of these assembled path- 
ways were expressed recombinantly, one 
from an oral microbe and one from a gut 
microbe, they produced molecules similar 
to clinically used antibiotics and anticancer 
drugs. They suggested that these molecules 
might play a role in interspecies competi- 
tion in the gut and oral cavity and that their 
influence on community structure could 
affect host biology. Crucially, soil microbes 
have been an invaluable source of clinically 
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used small-molecule drugs; the findings of 
Sugimoto et al. underscore that the human 
microbiota are an underexplored resource 
for drug-like molecules. 

Guo et al. developed a CRISPR-Cas9 
gene-editing system for C. sporogenes, a 
microbe that widely colonizes the guts of 
many animals. C. sporogenes synthesizes 
high amounts of several molecules that are 
produced only by the microbiota. Many of 
these molecules are found at high amounts 
in people, suggesting that they could affect 
human biology. Using their genetic sys- 
tem, Guo et al. interrupted genes in eight 
biosynthetic pathways that produce 10 mi- 
crobiome-derived molecules. Satisfyingly, 
interrupting (knocking out) each of these 
pathways abolished production of the cor- 
responding metabolites, whereas the other 
metabolites remained unperturbed. Next, 
Guo et al. introduced these wild-type and 
knockout strains of C. sporogenes into 
germ-free mice, which lack any other mi- 
crobe. This allowed the assessment of the 


“human microbiota are 
an underexplored resource 
for drug-like molecules.” 


physiological contribution of a single mol- 
ecule from a single microbe while keeping 
other factors constant. As expected, mice 
colonized with C. sporogenes mutants had 
reduced amounts of the corresponding 
metabolites. In addition, mice harboring 
mutant C. sporogenes defective in the me- 
tabolism of the branched-chain amino acids 
(valine, leucine, and isoleucine) to branched 
short-chain fatty acids had an increase in 
immunoglobulin A (IgA)-expressing cells 
as well as an increase in immune cells that 
express the IgA receptor. IgA is the predom- 
inant form of antibodies secreted into the 
gut, and although the exact role that IgA 
plays in gut homeostasis is not clear, dys- 
regulation of IgA production and recogni- 
tion is likely to affect how the host immune 
system responds to both commensal (sym- 
biotic) bacteria and pathogens. 

The studies of Sugimoto et al. and Guo 
et al. represent important steps forward, 
but it is important to note some caveats. 
Although the study of Sugimoto et al. 
shows that the gut and oral microbiota pro- 
duce molecules similar to clinically used 
drugs, they focused on type II polyketides, 
which are a small subset of the drug- 
like molecules that bacteria are already 
known to make. Furthermore, because 
they searched for homology to known, 
conserved domains, they necessarily dis- 
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covered molecules very similar to those 
that have already been discovered. It will 
be interesting to see if further application 
of their analytical pipeline of metagenomic 
sequence data to direct pathway assembly 
outperforms assembling metagenomes 
and then searching for clusters using tools, 
such as the antibiotics and secondary me- 
tabolite analysis shell (antiSMASH), which 
analyzes microbial genomes for small-mol- 
ecule drug-like biosynthetic potential (9). 
There are a few paths for future research. 
One would be based on the recognition 
that molecules with similar structures may 
not have similar functions, and screening 
libraries of molecular analogs could turn 
up some surprises. Another is to alter the 
algorithm so that pathways containing the 
target gene that are similar to known path- 
ways are rejected, not selected. 

From a tool perspective, Guo et al. provide 
a CRISPR-Cas9 system that is applicable to 
C. sporogenes, and probably other Clostridia 
species, which have different metabolic ca- 
pacities than C. sporogenes. Their observa- 
tion that branched short-chain fatty acids 
likely have a suppressive role in IgA produc- 
tion in mice monocolonized with C. sporo- 
genes is interesting, but further research to 
delve into the mechanism by which these 
molecules exhibit these effects is needed. 
In particular, studies to determine whether 
these same molecules function identically 
in mice colonized with a more conventional 
microbiota ecosystem and whether they are 
relevant to human as well as mouse im- 
mune cells are warranted. 

Human microbiology research faces the 
challenge of deconvoluting the enormous 
complexity of the microbiota and its asso- 
ciated molecules into mechanistic insights 
relevant to human health and disease. 
These two studies describe strategies for 
efficiently parsing the complexity. Perhaps 
of greater importance, they highlight that 
meaningful contributions to microbiota re- 
search will increasingly be dependent on 
collaborations between geneticists, micro- 
biologists, chemists, immunologists, and 
physicians. 
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NEUROSCIENCE 


Cell types exposed by social scent 


A function-guided expression profiling strategy uncovers how pheromones are detected 


By Sabine L. Renninger 


ocial interactions are an integral part 

of our lives, but sometimes they are 

as difficult to read as the activity in 

our brains. Animals use pheromones 

as a means of social communication 

to convey information about gender, 
age, individuality, and physiological state to 
other members of their species (conspecif- 
ics) (1). How such multifaceted information 
is detected and transformed into meaning- 
ful signals is an open question. On page 
1384 of this issue, Lee et al. (2) present an 
optical approach called physiological opti- 
cal tagging sequencing (PhOTseq) to dis- 
entangle sensory neuron cell types, which 
are specialized detectors and gateways to 
the brain. The authors combined functional 
and molecular profiling of cellular proper- 
ties to expose a molecular logic of phero- 
mone sensation. 

Mice detect pheromone molecules with 
specialized cells in the vomeronasal organ, 
which is located at the base of the nasal cavity 
above the mouth. Vomeronasal sensory neu- 
rons recognize only one or a few molecules 
through specific receptor-ligand interactions 
(see the figure). Expression of vomeronasal 
receptor (VR) proteins, VIRs and V2Rs, can 


vary between individuals and substantially 
between species (3). More than 300 potential 
functional VR genes have been identified in 
the mouse genome (4, 5). Regulatory mecha- 
nisms largely limit the expression of VRs to 
one gene per cell (6). 

Lee et al. hypothesized that a compre- 
hensive response profile of vomeronasal 
sensory neurons to a defined set of phero- 
mone molecules can uncover distinct che- 
moreceptive fields and allow them to reli- 
ably identify functional cell classes and 
molecular identities. Using state-of-the-art 
imaging technologies, the authors detected 
20 different neuronal activity patterns in re- 
sponse to a set of steroid pheromones. They 
then optically tagged five functional types 
for isolation and single-cell gene expression 
profiling (see the figure). In the densely 
packed epithelium of the mouse vomerona- 
sal organ, they identified and enriched even 
rare cell types that constitute less than 0.3% 
of the entire population. 

Focusing on the VR gene family, Lee et 
al. correlated the chemoreceptive fields of 
neuronal types with molecular properties. 
For each functional class, they identified 
the most abundantly expressed VR, thereby 
confining putative VIR genes that medi- 
ate responses to specific steroid hormones. 


Detecting social cues 
Vomeronasal sensory neurons detect chemical 
cues, such as pheromones, through specific 
ligand-vomeronasal receptor interactions. 
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Moreover, comprehensive single-cell gene 
expression profiling exposed a systematic 
deviation from the one receptor-one neu- 
ron rule. The authors found coexpression of 
several VR gene pairs located in close chro- 
mosomal proximity. Whether this coexpres- 
sion is pivotal for sensory tuning or a result 
of ongoing subfunctionalization after gene 
duplication remains to be explored. 

What can mapping of a closed sensory 
space tell scientists about the functional 
diversity of the VR family? And can the 
protein sequence of a receptor provide in- 
formation about its specificity? Lee et al. 
found that evolutionary distances between 
protein sequences did not accurately 
capture their functional relationship. 
However, when the authors mathemati- 
cally transformed all sequence similarities 
into a two-dimensional representation, 
VRs clustered better with respect to their 
ligand specificity. With this analysis, the 
authors demonstrated that the primary 
receptor sequence may have predictive 
power for functional specificity. 

Being able to predict the functions of 
VRs is key for understanding how phero- 
mones are perceived and how they serve 
social communication to guide interac- 
tions between individuals. Lee et al. de- 
scribed multiple sensory neuron cell types 
and receptors with overlapping specificity 
for estrogen-like pheromones, but did not 
investigate their impact on social interac- 
tions. It remains unknown how the individ- 
ual VRs or how sensory integration across 
cell types signal behavioral or physiologi- 
cal changes. Specific interactions between 
pheromones and members of the V2R fam- 
ily control aggressive and sexual behavior 
in a gender-specific manner (7). VIRs have 
so far been shown to function in a coop- 
erative manner to influence behavior (7). 
Some sulfated estrogens work in the con- 
text of other gender cues to induce mount- 
ing behavior in male mice (8). Effects on 
more subtle changes in the physiology of 
an animal are barely explored. 

Pheromones are naturally encountered 
as a blend of molecules. Integration of such 
multifaceted information directs innate re- 
sponses and ensures fitness of an animal. 
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Pheromone sensitivity can be modulated in 
a state-dependent or experience-dependent 
manner (9, 10). For example, female mice 
are temporarily blind to male pheromones 
according to the phase of their estrus cycle. 
This sensory silencing, exclusive to conspe- 
cific peptide pheromones, is mediated by the 
hormone progesterone. Sensitivity to equiva- 
lent peptides from other species is preserved 
to secure detection of putative danger. Lee et 
al. investigated chemosensation in the con- 
text of receptor-ligand specificity. However, 
PhOTseq provides rich information on the 
gene expression profiles of individual cells 
and opens the door to systematically explor- 
ing the molecular details that define and dis- 
tinguish neuronal function. 

Combined in-depth analysis of func- 
tional and molecular properties will help 
refine the boundaries of specific cell types. 
Identification of functional classes of neu- 
rons is often ambiguous and becomes in- 


“,.Aunctional and molecular 
profiling...expose a molecular 
logic of pheromone sensation.” 


creasingly difficult with the computational 
power of a brain area. Primary sensory ar- 
eas already display complex responses, ren- 
dering incoming sensory information in the 
context of ongoing behavior, current goals, 
and expectations (17). Molecular markers 
are crucial to disentangle such complex 
neuronal response dynamics. The method 
established by Lee at al. links distinct ac- 
tivity patterns with molecular fingerprints 
and allows the identification of specific 
neuronal markers. Applying this optical ap- 
proach to awake and behaving animals will 
be a big step forward in the design of more 
advanced transgenic tools to specifically 
target neural circuits and uncover their 
computational principles. 
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HIGH PRESSURE 


Extreme diamond-based 
quantum sensors 


Nitrogen vacancies make for superlative sensors 
of material properties at high pressures 


By James J. Hamlin‘ and Brian B. Zhou? 


e spend our entire lives at pres- 

sures near 1 atm. But most of the 

matter in our planet exists at far 

higher pressures. Experiments 

conducted under applied pres- 

sure are crucial to understanding 
condensed matter. High-pressure experi- 
ments have provided data on the matter 
in planetary interiors that have improved 
our understanding of seismic events. Most 
notably, applied high pressures permit the 
synthesis and study of new materials with 
extraordinary properties, such as extreme 
hardness. Recent experiments on hydride 
materials compressed to greater than 1 
million atm have revealed near-room-tem- 
perature superconductivity (/-3), finally 
pushing past record critical temperatures 
that had stagnated since the 1990s. On pp. 
1349, 1359, and 1355 of this issue, Hsieh et 
al. (4), Lesik et al. (5), and Yip et al. (6), 
respectively, report on a comprehensive 
set of experiments that demonstrate that 
quantum sensors based on so-called ni- 
trogen vacancy (NV) centers offer pow- 
erful new tools for probing matter at 
extreme pressures. 

The current record holder for the high- 
est sustained static pressure (>400 GPa or 
4 million atm) is a device called the dia- 
mond anvil cell (DAC) (see the figure). The 
DAC achieves these extraordinary pres- 
sures by squeezing the sample between the 
flattened tips of two diamonds. The small 
diameter of the diamond flats means that 
large pressures can be reached with only 
small applied forces but also means that 
the sample is typically very small (on the 
order of tens or hundreds of micrometers 
across). One key challenge associated with 
performing measurements under high ap- 
plied pressures is that the sample must be 
contained by a bulky pressure vessel that 
severely constrains the types of measure- 
ments that can be performed. For example, 
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sensitive magnetization measurements in 
a DAC are difficult because the magnetic 
background of the DAC is typically thou- 
sands of times larger than that of the com- 
paratively tiny sample. However, a sub- 
stantial benefit of using diamond is that it 
is transparent over a wide range of wave- 
lengths. An ideal sensor for measurements 
in a DAC would take advantage of this 
property and feature an optical readout. In 
addition, other desirable qualities include 
high sensitivity, small size for spatial reso- 
lution, and operability in a broad range of 
temperature and pressure. 

Fortuitously, just such a probe may have 
existed inside the diamond anvil cell all 
along. The spin associated with an atomic- 
scale defect in diamond known as the NV 
center has emerged as a superlative sen- 
sor. When the NV center is irradiated by 
a microwave field, narrow transitions be- 
tween the NV spin states can be resolved 
optically because of the NV center’s spin- 
dependent fluorescence intensity (see the 
figure). This permits spectroscopy of the 
spin energies, which depend sensitively 
on the external magnetic field or other 
stimuli such as temperature and stress. 
Placing NV centers in close proximity to a 
sample enables high-sensitivity, nanoscale- 
resolved mapping of the magnetization or 
electric current. 

In 2014, pioneering work by Doherty et 
al. (7) demonstrated the feasibility of per- 
forming optically detected magnetic reso- 
nance on ensembles of NV centers in dia- 
mond samples placed inside DACs. Steele 
et al. (8) adopted a similar approach but 
used a “designer” diamond anvil with an 
integrated microwave waveguide. These 
initial works did not interface NV centers 
with a sample material under high pres- 
sure but envisioned the imaging of the 
magnetic profile on the surface of a pres- 
surized superconductor. The three groups 
of authors (4-6) now realized this concept, 
using NV centers in anvil cells to spatially 
resolve bulk magnetic phenomena in con- 
densed-matter systems across a temper- 
ature-pressure phase space reaching ~50 
GPa and cryogenic temperatures. 

All three works used ensembles of NV 
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centers, simultaneously detecting the tran- 
sition frequencies of four inequivalent 
orientations of NV centers in the lattice 
to deduce the full components of the lo- 
cal magnetic field vector or strain tensor. 
Although the broad concept is the same, 
the three works are distinct in their imple- 
mentation of NV magnetometry inside an- 
vil cells along with the physical phenom- 
ena probed. This variety demonstrates the 
versatility of the technique. Yip et al. (6) 


A sensor embedded in diamond 


Nitrogen atoms can replace carbon and combine with an adjacent vacancy in the diamond lattice. The fluorescence 


NV spin energies to lattice compression, 
Hsieh et al. (4) directly imaged the differ- 
ent components of the stress field inside 
the DAC. 

Several important revolutions in high- 
pressure science have hinged on the de- 
velopment of new ways to use light to 
extract information from a compressed 
sample. After the invention of the DAC in 
1959 (9), many of the early experiments 
involved simple visual observation of the 


signal from the nitrogen vacancy (NV) centers can be used to determine the properties of a nearby sample. 


High-pressure applications 

Opposing diamond anvils apply extreme pressure on a 
sample. NVs come into sample proximity either by 
embedding them into the diamond anvils or by depositing 
diamond particles with NVs onto the sample. 
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coated diamond particles onto the iron- 
pnictide superconductor BaFe,(As,..P,, .,),, 
placing them together inside an anvil cell. 
By focusing on particles at specific loca- 
tions, the authors sampled the magnetic 
field profile adjacent to this type II super- 
conductor and detected the onset of both 
the vortex and Meissner states. 
Alternatively, both Hsieh et al. (4) and 
Lesik et al. (5) created a dense layer of NV 
centers directly on the surface of the dia- 
mond anvil culet using ion implantation. 
This enables continuous, diffraction-lim- 
ited spatial resolution by either scanning 
a focused laser beam in a confocal micro- 
scope (4) or by use of widefield illumina- 
tion and imaging with a camera (5). The 
authors demonstrate these capabilities by 
imaging the vector magnetic field profile 
of an iron pellet undergoing the o-¢ mag- 
netic phase transition and an MgB, sample 
across its superconducting transition. In 
addition, by leveraging the sensitivity of 
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Sensing with NV centers 


The fluorescence signal from four NV orientations display magnetic 
resonances that are sensitive to the local environment. Measuring to 
through a transparent anvil allows determination of sample 

properties under applied pressure and external magnetic field. 
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sample under a microscope as pressure 
was gradually increased. It was immedi- 
ately clear that the device offered access to 
a vast array of new phenomena at previ- 
ously inaccessible pressures. Despite this, 
for more than a decade the use of the DAC 
was reported in only a small number of 
publications. A part of the problem was 
that there was no quick, simple method 
with which to measure the magnitude of 
the pressure inside the cell. This changed 
in 1972, when Forman e¢ al. developed an 
optical pressure gauge based on the fluo- 
rescence spectrum of a small chip of ruby 
located inside the pressure cell (10). Use 
of the DAC expanded rapidly after the 
development of this convenient means of 
determining pressure. Ruby fluorescence 
remains the most common method of pres- 
sure determination inside a DAC. Light has 
continued to play a key role in the evolv- 
ing use of the DAC with the development 
of several third-generation synchrotron 
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facilities. In the past few decades, such fa- 
cilities, which feature high x-ray flux and 
tight spatial resolution, have permitted x- 
ray structure determination at previously 
unthinkable pressures. Moreover, synchro- 
tron-based inelastic x-ray scattering tech- 
niques can probe other properties at high 
pressure, including phonon spectra, local 
electronic structure, and element-specific 
magnetic environments. 

Adding defect-based quantum sensors 
to the toolkit for probing ma- 
terials at high pressure opens 
up several opportunities. NV 
measurements can be _ built 
around a simple tabletop fluo- 
rescence microscope. Beyond 
static magnetic and _ stress 
fields, NV sensors can be used 
investigate magnetization 
dynamics, spin noise spectros- 
copy, and nuclear magnetic 
resonance of materials inside 
DACs. Moreover, the sensitiv- 
ity to temperature (17) means 
that NV centers could form 
the basis for high-pressure ca- 
lorimetric measurements. The 
magnetic-field resolution can 
be enhanced by improving the 
properties of near-surface NVs 
and using more sophisticated 
sensing sequences. The latter 
relies on coherent manipula- 
tion of NV superposition states 
inside DACs (72). To investigate 
phenomena at even higher 
pressures, overcoming the re- 
duction in the spin readout 
contrast of the diamond NV 
center is a substantial chal- 
lenge because contrast is greatly dimin- 
ished by 60 GPa (7). However, NVs are not 
the only optically addressable defect that 
can be explored, and continued progress 
may take quantum sensing to the ultimate 
pressure limits of the diamond anvil cell. ® 
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POLYMERS 


Making stronger carbon-fiber precursors 


Cross-linking multiple strands improves strength and toughness of polyacrylonitrile fibers 


By Bronwyn Fox 


arbon fiber-reinforced polymers 

are used to create lightweight, 

high-strength structures such as 

airframes. More than 96% of com- 

mercial carbon fiber is derived 

from high-temperature heating (up 
to 1700°C) and stretching of a precursor 
fiber made from polyacrylonitrile (PAN) 
(1). In this process, PAN cyclizes to create 
a ladder structure, which is then 
carbonized to create the final tur- 
bostratic (disordered) structure. 
The high strength and stiffness of 
the carbon fibers are highly de- 
pendent on the composition of the 
precursor fiber and are limited by 
any defects such as voids or for- 
eign particles. Generally, there is a 
trade-off between tensile strength 
and toughness, but on page 1376 
of this issue, Liao et al. (2) report 
increasing both properties of PAN- 
based fibers. Their approach draws 
on an ancient understanding that 
multiple filaments wound together 
are stronger than individual fila- 
ments—namely, that “a cord of 
three strands is not easily broken” 
(Eccles. 4:12). 

Both chemical and physical ap- 
proaches have been undertaken 
to try to improve the properties of 
PAN-based precursor fibers. The 
industrial polymerization of acry- 
lonitrile and efficient conversion to 
PAN precursors is a convoluted and 
mostly batch process that accounts 
for about half the cost of the re- 


Chemical strategies 
Added comonomers and more uniform chain 
lengths can improve PAN processing. 


Monomer control 

Added monomers such as itaconic 
acid (IA) and methyl acrylate (MA) 
can distribute unevenly, but 
N-isopropylacrylamide (NIPAM) 
adds more uniformly and provides 
cross-linking (4, 5). 


mers are added during PAN polymeriza- 
tion to facilitate processability. Although it 
is common to add two comonomers, such 
as itaconic acid and methyl acrylate, it is 
synthetically complicated to distribute two 
different comonomers evenly along the 
backbone of the polymer chain. An alter- 
native approach developed by Moscowitz, 
Wiggins, and co-workers (see the figure, 
top) uses a N-isopropylacrylamide como- 
nomer that can be distributed evenly. This 


Improving PAN fibers 
Polyacrylonitrile (PAN) fibers are used to create carbon 

fibers for composite materials. Some of the strategies used 
to improve their properties are illustrated. 


Chain-length control Traditional 

Reversible addition—-fragmentation eeeeeeeeo 

chain-transfer (RAFT) polymeriza- 0000000000000 

tion can create more uniform chain RAFT 

lengths than traditional routes (8). eeesecees 
@8090000000 
@QOOOOOOO 


Combining cross-linking and crystallization 
Liao et al. used cross-linking and processing to create stronger, 


: : : tougher PAN fibers. 
sulting carbon fiber, so alternative 
systems for PAN manufacture have CN NC 
potential cost savings. The PAN ho- CN Cc 


mopolymer has limited solubility 
and a poor ability to be spun into 
fibers, and when heat treated, it CN 
undergoes an uncontrollable exo- 
thermic chemical reaction that 
makes it unsuitable for conversion 
to carbon fiber (3). 

For these reasons, small amounts 
(2 to 5%) of one or more comono- 


Copolymer cross-links 
Poly(ethylene glycol) bisazide 
(PEG-BA) cross-links with the nitrile 
groups (CN) on PAN of PAN-co-MA 
polymers to create ladder polymers. 
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Processing yarns 
Yarn electrospinning, followed by 
stretching and annealing of the 
ladder polymers, creates highly 
crystalline, uniform fibers. 
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Molecular-weight 
distribution 


approach also facilitates the cyclization 
reaction to create well-controlled ladder 
structures (4, 5). 

An alternative approach to increasing 
the mechanical properties of PAN-based 
precursor fibers has been to disperse addi- 
tives such as carbon nanoparticles. Chae et 
al. (6) reported an increase in fiber modu- 
lus to 20 GPa through the addition of car- 
bon nanotubes to gel-spun PAN. Sayyar et 
al. (7) reported an increase of 28 and 20% 
in tensile strength and Young’s 
modulus of carbonized fibers, re- 
spectively, with the dual strategy 
of adding graphene (0.5 weight %) 
and creating a multifibrillar yarn. 

Much progress toward under- 
standing the effect of molecular 
weight (the length of the polymer 
chain) and the molecular weight 
distribution or polydispersity (con- 
sistency of the chain lengths) on 
the properties of carbon fibers has 
recently been made. Cai et al. (8) 
developed a new type of precursor 
using reversible addition-fragmen- 
tation chain-transfer (RAFT) po- 
lymerization, which allows control 
of the PAN polymer chain length 
(see the figure, top). This precursor 
has a controlled molecular weight 
and maintains a low polydispersity, 
which improved the mechanical 
properties of both precursor and 
carbon fiber compared with con- 
trol polymers of similar molecular 
weights. These RAFT PAN poly- 
mers also had much lower viscosity 
profiles, which facilitated new and 
different processing routes (9). 

The effect of physical defects 
such as voids, chain entangle- 
ments, and foreign particles in 
precursor fibers was highlighted 
by Chae and Kumar (J0) more than 
a decade ago. Since then, substan- 
tial efforts have focused on under- 
standing the coagulation of fibers 
in the wet-spinning process. In 
this first step of the manufactur- 
ing process, the polymer solution 
is extruded into a water bath. This 
stage effectively locks in the physi- 
cal structure of the fiber. Newcomb 
et al. (11) highlighted the impor- 
tance of the temperature of the 
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bath in creating nonideal internal porosity 
and kidney bean-shaped fibers. Other re- 
searchers have contributed to understand- 
ing the role of added solvents in this bath 
in controlling fiber density, diameter, and 
morphology (12). 

Liao et al. combined both a chemi- 
cal and physical approach and report the 
mechanical properties of multifibrillar 
polyacrylonitrile-co-methyl acrylate fibers, 
which were modified with a small amount 
of poly(ethylene glycol) bisazide (PEG-BA) 
(see the figure, bottom). The PEG-BA 
fraction was varied from 0 to 6 weight % 
relative to PAN. The properties achieved 
represent an important breakthrough in 
overcoming the trade-off between specific 
strength (tensile strength divided by den- 
sity) and toughness in fibers. For example, 
a recent study of electrospun PAN fibers 
(13) reported a specific strength of 0.153 
GPa g?! cm and a toughness of 16 J g7, 
whereas the fibers of Liao et al. had a spe- 
cific strength of 0.76 to 1.27 GPa g! cm? 
and a toughness of 118 to 166 J g". The 
authors attributed this improvement to 
the click-chemistry cross-linking reactions 
between fibrils during spinning as well as 
the annealing under tension that increased 
fiber crystallinity from 56.9 to 92.4%, as 
measured by wide-angle x-ray scattering. 

The PAN fibers produced by Liao et 
al. have properties approaching those of 
dragline spider silk. The next challenge 
is to carbonize these electrospun multi- 
fibrillar yarns and measure the result- 
ing carbon fiber properties. Combining a 
number of the aforementioned strategies 
could create a new generation of high- 
performance carbon fibers with unprec- 
edented properties. 
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CANCER 


Surprising regulation 
of cell cycle entry 


Structures of heterotrimeric cyclin-dependent kinase 4 
complexes reveal the mechanism of drug inhibition 


By Charles J. Sherr 


he activities of cyclin-dependent ki- 
nases (CDKs), regulated primarily by 
the periodic expression of their cyclin 
binding partners, temporally order se- 
quential cell cycle transitions through 
G,, S phase, G,, and mitosis. In mam- 
malian cells, regulators of G, transit include 
three D-type cyclins, as well as CDK4 and 
CDK6, and the CDK inhibitory proteins, p21 
and p27 (J). In response to mitogens, indi- 
vidual D-type cyclins assemble with CDK4 
or CDK6 and, paradoxically, with the p21 or 
p27 “inhibitors” to yield active higher-order 
holoenzymes that drive G, progression and 
prime cells to enter S phase and begin DNA 
replication (2). On page 1330 of this issue, 
Guiley et al. (3) report the crystal structures 
of trimeric complexes containing cyclin D1, 
CDK4, and either p27 or p21 and reveal that 
active trimers containing tyrosine-phosphor- 
ylated p27 are surprisingly refractory to the 
U.S. Food and Drug Administration (FDA)- 
approved CDK4/6 inhibitors that are used to 
treat hormone-dependent breast cancer. 
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Cyclin D holoenzymes preferentially 
phosphorylate the tumor suppressor retino- 
blastoma (RB) protein, and a few other sub- 
strates, to cancel the antiproliferative activ- 
ity of RB. By contrast, cyclin E-CDK2 (which 
acts at the G,/S transition) and cyclin A- and 
B-driven CDK2 and CDK1 complexes se- 
quentially phosphorylate many hundreds of 
substrates (including RB) during the remain- 
der of the cycle. Through their simultaneous 
binding to both cyclin and CDK subunits, 
p21 and p27 can inhibit CDKs 1, 2, 4, and 6 to 
enforce cell cycle arrest in response to mito- 
gen withdrawal, antiproliferative cytokines, 
cell contact inhibition, or cellular stress. 
Unexpectedly, all cyclin DI-CDK4-dependent 
kinase activity toward RB requires higher- 
order complexes containing p27 or p21, 
which are required for holoenzyme assembly 
(2). Phosphorylation of bound p27, but not 
p21, by nonreceptor tyrosine kinases converts 
the inactive cyclin D1-CDK4-p27 complex to 
an active RB kinase (4) (see the figure). But 
it remains unknown how CDK4 holoenzyme 
assembly and activity are mediated by p27 
and whether p21 is subject to similar regu- 
latory controls. 

Guiley et al. find that both p21 and p27 
bind cyclin D1 and CDK4 and deform the 


Regulation of cyclin-dependent kinase 4 complexes 

Newly synthesized CDK4, folded by the HSP90-chaperone system, can be sequestered by palbociclib or by 
p16, which increases unsequestered p27 and p21 and inhibits CDK2 complexes to block the Gi/S transition. 
Extraction of CDK4 by p27 or p21 and cyclin D1 yields an inactive trimer capable of undergoing CAK- 
mediated Thr!” phosphorylation on its reconfigured activation segment. Activation of the trimer requires 


phosphorylation of tyrosine residues on p27. 


Palbociclib-sensitive 


Unfolded 
monomer 
——_— 


Ae ee 


p21 and p27 


— 


[ Palbociclib 


< 


Palbociclib-insensitive 


HSP90 
Vi chaperone 
—<—$_» Inactive 
Thri72 trimer 
x p21 or p27 r 


Active trimer 


ATP, adenosine triphosphate; CAK, CDK-activating kinase; CDK4, cyclin-dependent kinase 4; HSP90, heat shock protein 90; P, phosphorylation. 
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adenosine triphosphate (ATP) binding 
pocket of CDK4, which is required for sub- 
strate phosphorylation. Yet p27 induces addi- 
tional structural changes that independently 
shape the pocket to “prime” it for catalysis. 
Concordant release of an activation seg- 
ment from the CDK4 ATP binding pocket ex- 
poses Thr’? that is phosphorylated by CDK- 
activating kinase (CAK, which comprises 
cyclin H and CDK7) to stimulate subsequent 
enzyme activity (5). Although none of these 
structural changes are enough for CDK4 
activation, phosphorylation of p27 on Tyr” 
weakens its association with CDK4: to elicit 
recombinant trimer activity; p21 contains 
a phenylalanine at the analogous position 
and remains tightly bound and inhibitory. 
However, there is conflicting evidence that 
p21, like p27, might function as a CDK4 acti- 
vator under some circumstances (2), perhaps 
through other mechanisms. Phosphorylation 
of p27 Tyr®* and Tyr*’, not visualized in the 
crystal structures of Guiley et al., likely 
makes an additional contribution to holoen- 
zyme activity (3, 4). 

A distinct group of inhibitors—called the 
INK4 proteins—specifically target CDK4 
and CDK6 to arrest proliferation in G, in 
an RB-dependent manner (J, 2). In particu- 
lar, a stress-induced INK4 protein, p16, like 
RB, is a tumor suppressor, whereas CDK4 
and CDK6 have proto-oncogenic activity. 
The finding that deregulation of the p16- 
CDK4/6-RB pathway aberrantly drives can- 
cer cell proliferation spurred pharmaceutical 
development of specific CDK4/6 inhibitory 
drugs (palbociclib, ribociclib, abemaciclib), 
which, when used together with inhibitors of 
estrogen receptor (ER) signaling, were FDA- 
approved for the treatment of ER-positive 
breast cancer (6). Combinatorial therapy 
with CDK4/6 and ER inhibitors significantly 
increases progression-free survival in women 
with advanced, metastatic breast cancer 
(7-9), and clinical trials of CDK4/6 inhibitors 
are under way for other malignancies (6, 10). 

Counterintuitively, Guiley et al. find that 
palbociclib does not inhibit the active phos- 
phorylated p27-CDK4-cyclin D1 trimer and 
instead targets monomeric CDK4. Newly 
synthesized CDK4 requires the heat shock 
protein 90 (HSP90)-containing chaperone 
system for proper folding, and palbociclib 
disrupts this interaction to increase the rela- 
tive abundance of the CDK4 monomer at the 
expense of trimer assembly. Therefore, palbo- 
ciclib mimics p16, which also sequesters mo- 
nomeric CDK4 to prevent its assembly with 
cyclin D1 and p27 or p21. The resulting in- 
crease in untethered p27 and p21 sets an ele- 
vated threshold to be overcome for activation 
of cyclin E-CDK2 and cyclin A-CDK2 at the 
G,/S transition (2). Thus, inhibition of both 
CDKé4 and, indirectly, CDK2 by palbociclib or 
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p16 orchestrates G, arrest of cancer cells. 

These findings advance the mechanistic 
understanding of p27-CDK4-cyclin D1 ac- 
tivation after more than two decades since 
the component molecules were discovered. 
The development of palbociclib and related 
drugs relied on inhibition of recombinant 
cyclin D and CDK4 produced using baculo- 
virus vectors in insect cells, which express 
the HSP90-chaperone and CAK. This recon- 
stituted dimeric enzyme retains activity, al- 
though vanishingly small quantities of such 
dimers are detected in mammalian cells. In 
continuously cycling cells, the rate of progres- 
sion through G, into S phase is determined by 
events in the previous cell cycle. Notably, cy- 
clin D1 is preferentially degraded in S phase 
and expressed again in G,, raising the pos- 
sibility that palbociclib “traps” monomeric 
CDK4 late in the cell cycle, preventing its 
assembly with cyclin D1 and leading to RB- 
dependent G, arrest. It is unknown what fac- 
tors determine the equilibrium between pal- 
bociclib-sensitive monomeric CDK4 and the 
drug-resistant p27-CDK4-cyclin D1 trimer, or 
whether p27 and p21 compete in forming ac- 
tive and inactive trimers. Moreover, prolifer- 
ating cells bifurcate into two subpopulations 
after the anaphase stage of mitosis based on 
the amounts of replicative DNA damage and 
induction of p21 by the tumor suppressor p53 
in the previous cycle (JI, 12). Cells inheriting 
high p21 (and low CDK2) expression exhibit 
a greater dependency on renewed RB phos- 
phorylation to progress through G,, implying 
that nonuniform responses to CDK4 inhibi- 
tors depend on variable inheritance of key 
regulators (e.g., p21, p27, cyclin D1). 

Unlike CDK4, CDK6 is a weak client of the 
HSP90-chaperone and is generally dependent 
on cyclins D2 or D3 for activity (73). Robust 
CDKé6 activity can confer palbociclib resis- 
tance in CDK4-driven cancers (14, 15), possi- 
bly because CDK6 assembles more efficiently 
than CDKé4 into palbociclib-resistant trimers. 
Structures of CDK4 and CDK6 in complexes 
with the D-type cyclins are needed to under- 
stand differences in regulatory mechanisms 
and to improve drug development. 
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The biology 
of big 


Whales became the world’s 
largest animals thanks to 
giant gulps of “bite-size” prey 


By Terrie M. Williams 


ith so many recent scientific ad- 

vances focused on the mini, mi- 

cro, nano, and molecular scales, 

there is a tendency to overlook 

the titanic biology of giants that 

share the Earth. The sheer mag- 
nitude of a scientific undertaking to study 
an oceanic, 25-m-long, 95,000-kg wild blue 
whale (Balaenoptera musculus)—the larg- 
est vertebrate in the animal kingdom—has 
long left researchers with little more than 
brief glimpses of their presence when the 
leviathan surfaces to breathe. On page 1367 
of this issue, Goldbogen et al. (1) describe 
how they took advantage of developments 
in microprocessor technology to design 
submersible wildlife tags. The authors 
used the new tools to measure the feed- 
ing performance and prey choices of the 
largest mammals in the seas. These data 
revealed the ecological and evolutionary 
factors that drive the biology of being, not 
just big, but the biggest ever—perhaps the 
biggest possible. 

Not surprisingly, growing large depends 
on food. Physiologists and ecologists have 
long known that growth, reproduction, and 
survival of individuals and populations re- 
quire a balance between energy expended 
in daily living and energy gained through 
the acquisition of food (2). Ultimately, 
“calories in” must equal or exceed “calo- 
ries out.” For carnivorous mammals, this 
balance involves decisions on whether to 
invest the energy required for nibbling on 
many small prey over time or killing and 
gorging on a single, large prey item. Body 
size figures prominently in this decision; 
a 300-g weasel would be hard-pressed to 
bring down a 300-kg buffalo, whereas a 
200-kg African lion has a wider array of 
options. On land, the energetic tipping 
point for choosing between large or small 
prey revolves around a body mass of 21 to 
25 kg, with smaller carnivores able to sat- 
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isfy energetic demands by feeding on many 
small prey and bigger carnivores foraging 
more efficiently on individual large verte- 
brate prey (3). 

This size differential between predator 
and prey fits the common model of ex- 
pectation until we examine marine-living 
predators. As described eloquently by 
Goldbogen et al. and others (4), the larg- 
est predators in the oceans paradoxically 
feed on the smallest prey. Here, the en- 
ergetic breakpoint occurs at a body mass 
of ~10,000 kg, which separates smaller 
toothed whales (suborder: Odontoceti) 


leen whales—named for keratinized baleen 
plates that filter plankton, krill, and small 
fish and replaced the teeth of ancient whale 
ancestors—ultimately became the world’s 
largest vertebrates. 

The anatomy of the largest lunge filter- 
feeders—including minke, humpback, fin, 
and blue whales examined by Goldbogen 
et al.—leaves little doubt that this group is 
designed to eat. Nearly one-third to one- 
half of the baleen whale’s body comprises 
a head and pleated throat used for engulf- 
ing large volumes of seawater containing 
aggregations of small prey. Considered 


Preferred prey mass depends on anatomy of mammalian carnivores 
The red line demonstrates how the size of prey taken by predators changes across the mammalian size 
continuum. At the extremes, the smallest and largest mammalian carnivores consume large numbers of small 
prey. Mid-sized mammals hunt and consume larger individual prey items. 
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that chase and ingest individual large prey 
from the enormous filter-feeding baleen 
whales (suborder: Mysticeti) that engulf 
swarms of tiny (<4 cm long) crustaceans. 
When viewed together, the relationship 
between preferred prey size and mamma- 
lian body mass approaches a bell-shaped 
distribution spanning mammalian preda- 
tors from weasels to whales (see the figure). 
At the extremes are the smallest and largest 
hunting mammals, which subsist on dimin- 
utive vertebrates and invertebrates. This 
leaves mid-sized to large marine and terres- 
trial mammals, weighing from 25 to 10,000 
kg, to hunt big vertebrate prey that might 
exceed their own size. Feeding mechanisms 
employed by the species within each group 
support the effective capture and processing 
of these preferred prey. However, as shown 
by Goldbogen et al., it is the hyperefficiency 
of the filter-feeding apparatus used by ba- 
leen whales that permitted mammalian 
gigantism to evolve in the oceans. Thus, ba- 
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“the greatest biomechanical action in the 
animal kingdom” (5), the act of lunge feed- 
ing is mechanically costly but energetically 
rewarding as a result of the quantity and 
quality of densely aggregated prey in- 
gested per endeavor (4, 6, 7). Processing all 
of this food also requires an extraordinary 
long intestinal tract, which in the fin whale 
reaches 100 m in length and is proportion- 
ately twice the length predicted for a theo- 
retical land carnivore of the same size (8). 
Such morphological specialization contrib- 
utes to an evolutionary release for growth 
in the great whales. 

Why don’t whales grow even bigger? As 
the new study suggests, it is in part because 
of limitations in the spatial and temporal 
availability of high-quality prey. Another 
likely factor is associated with physiologi- 
cal limits of the organs involved in prey 
acquisition and assimilation. For mammals, 
from humans (9) to sea otters, pinnipeds, 
dolphins, and whales (JO), the alimentary 
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tract sets the capacity for sustained meta- 
bolic performance. In general, there are 
only so many calories that can be physically 
processed from prey in 1 day, which ulti- 
mately sets a limit on the energy available 
for maintenance functions and growth. 

By expanding these limits through be- 
havior, morphology, and physiology, the 
great whales have maintained size domi- 
nance in the oceans for millions of years 
(11). As giant apex predators, their appe- 
tites, as well as their absence (caused by 
industrial whaling during the 20th cen- 
tury), have had fittingly enormous impacts 
on the ecosystems in which they live (72, 
13). In addition to removing astonishing 
amounts of prey in a single gulp, waste 
products from their food processing fer- 
tilize the oceans, thereby enhancing the 
primary production of prey that they and 
other marine animals rely upon (14). Even 
in death, their enormous bodies feed mem- 
bers of marine ecosystems at nearly every 
trophic level, from killer whales that hunt 
them to highly mobile scavengers and 
microbial assemblages that devour their 
carcasses (15). The critical, multifaceted 
role of whales within worldwide marine 
ecosystems warrants increased efforts to 
preserve these giants by deciphering and 
meeting their basic biological needs. Such 
efforts begin with appreciating the biology 
of big. 
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Evidence, alarm, and the 
debate over e-cigarettes 


Prohibitionist measures threaten public health 


By Amy Fairchild’, Cheryl Healton?, James 
Curran*, David Abrams’, Ronald Bayer* 


his is a moment for legitimate alarm 

at the intersection of two distressing 

but distinct epidemiological patterns 

involving e-cigarettes (“vaping”): an 

increase in vaping among youth and 

a sudden outbreak of acute lung in- 
juries and deaths in the United States, 
associated most strongly with vaping tetra- 
hydrocannabinol (THC), the main psycho- 
active compound in cannabis. Discussions 
of vaping, however, often neglect distinc- 
tions between nicotine and THC; between 
adults and youth; and between products ob- 
tained through the retail and black markets. 
As we move to confront these challenges, 
we face the danger that justifiable alarm 
will turn alarmist, short-circuiting careful 
analysis of the full range of evidence and 
focusing attention on the most frightening, 
thus enhancing the prospect of adopting 
counterproductive policy. We suggest that 
the evidence warns against prohibitionist 
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measures. Restricting access and appeal 
among less harmful vaping products out 
of an abundance of caution while leaving 
deadly combustible products on the market 
does not protect public health. It threatens 
to derail a trend that could hasten the de- 
mise of cigarettes, poised to take a billion 
lives this century. 

For years, some leaders in the public 
health community observed with concern 
the rise in the number of U.S. adolescents 
who are vaping flavored liquids. Debate 
centered on whether vaping devices, which 
do not burn tobacco but rather heat liquids 
containing some combination of flavors 
and/or nicotine and/or THC, should be 
viewed as an intolerable threat to nonsmok- 
ing youth, or whether they can be managed 
with reasonable regulations that give adult 
smokers access to less hazardous alterna- 
tives to deadly combustible cigarettes (J, 2). 

This summer, the tone of the debate 
shifted markedly. The U.S. Centers for Dis- 
ease Control and Prevention (CDC) reported 
sudden clusters of serious and sometimes 
fatal respiratory injuries. As of 4 December 
2019, the CDC reported 2291 cases and 48 
deaths. The CDC and the U.S. Food and Drug 
Administration (FDA) warned consumers 
not to vape THC or any liquids obtained off 
the streets or from unknown sources (3). In 
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Although not safe, vaping nicotine represents a 
safer alternative to combustible cigarettes for adult 
smokers who cannot or will not quit smoking. 


the ongoing investigation to determine the 
causes of illness and death, the CDC identi- 
fied vitamin E acetate, a THC product ad- 
ditive, as “a chemical of concern.” Nicotine 
or flavored vaping liquids have not yet been 
implicated. 

Even as the investigation was under way, 
interest in prohibitionist measures swelled. 
Massachusetts banned retail and online sale 
of all nicotine vaping products until Janu- 
ary 2020. San Francisco will ban all nicotine 
vaping products in early 2020. Michigan has 
banned all flavors (except tobacco flavor, 
meant to make a vaping liquid taste like a 
traditional combustible cigarette) for nico- 
tine products, but not for THC. Ohio may 
ban menthol and mint flavors in e-cigarettes 
while still allowing them in more harmful 
cigarettes and little cigars. The American 
Medical Association called for a total ban on 
all vaping products. New York City is poised 
to become the largest jurisdiction to ban all 
flavored nicotine vapes including menthol, 
although it chose not to enact a menthol 
ban for combustible products. As a measure 
of the magnitude of the urge to weigh in, 
even the White House has offered policy pro- 
nouncements, including a potential ban on 
all nicotine vape flavors except tobacco, from 
which it recently backed off. Such sweeping 
measures have been adopted in the face of 
continuing debate over the public health im- 
pact of such interventions. 


THE CONTESTED HISTORY OF 

HARM REDUCTION 

There has been a long debate in the United 
States about harm reduction as an evidence- 
based approach to reduce harms associated 
with life-threatening behaviors by providing 
safer, although not totally safe, alternatives. 
For example, despite strong, albeit always 
imperfect, evidence demonstrating the ef- 
fectiveness of needle exchange programs 
in countering the spread of HIV infection, 
it took decades to overcome reluctance to 
providing sterile needles to people who 
inject drugs. Battles over needle exchange 
persisted long after the evidence was clear, 
and programs suffered under on-again, off- 
again federal funding. 

For those addicted to combustible to- 
bacco, harm reduction is a pragmatic ap- 
proach (4). From the 1950s through the 
early 1980s, public health officials saw great 
promise in so-called “safer” combusted to- 
bacco. Interest died with the emergence of 
damning evidence about mass deception on 
the part of the tobacco industry over light 
and low-tar cigarettes. In the 1990s, nico- 
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tine replacement therapies (NRTs) became 
widely available over the counter. NRTs 
were framed both as medicinal treatment 
and as a harm reduction approach, and 
the public health and medical communi- 
ties were prepared to tolerate lifelong use of 
nicotine if necessary (5). 

When vaped nicotine products first came 
on the scene, the harm reduction debate 
reignited. In the early years, the scientific 
evidence for this new technology was sparse 
(4). Some saw in them promise for adults 
who smoked, but most assumed a precau- 
tionary posture, arguing that we first re- 
quired certainty about safety and efficacy. 

Even as scientific studies emerged, many 
who were skeptical of vaping nicotine 
wanted stronger proof that such products 
were Safe, effective, would not lead to greater 
net population harm than benefit, and 
would not renormalize smoking, in advance 
of allowing them to be sold. As time went on, 
although uncertainties remained, those open 
to harm reduction became more willing to 
act to provide alternatives. They believed 
the emerging science was sufficiently strong 
and the global toll of preventable smoking 
deaths remained so massive and urgent that 
benefits outweighed harms (4, 6). 

Vaping nicotine grew in popularity as 
products delivered nicotine in ways that 
were more appealing (e.g., flavored e- 
liquids) or more efficient (e.g., nicotine 
absorption began to mimic the effect of 
combustible products). In parallel, system- 
atic reviews of the science accumulated, 
demonstrating that although such products 
were not safe, they were safer than combus- 
tible products. They became more popular 
and more effective than medicinal NRTs at 
helping smokers quit. 

The U.S. FDA and the United Kingdom’s 
(UK) Public Health England (PHE), which 
carefully tracked the evidence, showed 
openness to harm reduction, describing the 
importance of recognizing a continuum of 
risk, with combustible products at the far 
end of that continuum. Even some early 
skeptics of nicotine vaping changed their 
minds and began to attend to the scien- 
tific evidence that increasingly addressed 
the uncertainties when it came to a harm 
reduction approach. Yet there was also a 
wide spectrum of what counted as harm 
reduction. For example, some proposals 
suggested taxing nicotine vaped products 
at the same rate as combustible products 
(described by some as harm reduction in 
name only). Others suggested leaving vape 
products untaxed while doubling the tax 
on combustibles to incentivize smokers to 
switch. Nonetheless, with different degrees 
of enthusiasm and intent, harm reduction 
was the new lingua franca by 2017 (7). 
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VEXING TENSIONS 

In the United States, broad comfort with us- 
ing harm reduction as a kind of policy lan- 
guage evaporated in the face of evidence that 
both the promise and peril of safer nicotine 
delivery alternatives to combusted tobacco 
that we have imagined for more than half a 
century materialized at the intersection of 
the twin phenomena of increased youth vap- 
ing and acute lung injuries and deaths. 

In the case of youth who would not likely 
otherwise smoke or use nicotine in any form, 
vaping offers no benefits and introduces po- 
tential harms of nicotine dependence and a 
possible transition to combustible products 
(7, 4, 8-10). U.S. surveys confirm a large in- 
crease in the proportion of high schoolers 
who reported any vaping in the past 30 days, 
from 11.7% in 2017 to 27.5% in 2019. As ex- 
pected, the majority of vaping is infrequent 
(experimental) and there is a positive asso- 
ciation between vaping and smoking, but the 
public health impact remains unknown, nor 
is there a consensus on whether such an as- 
sociation constitutes a causal pathway (4, 6, 
8-10). The majority who vape (about 60% of 
those who experiment, about 89% of regular 


"athe evidence warns against 
prohibitionist measures.” 


vapers) are also smokers or former smokers. 
The calculus is complex: In a policy land- 
scape in which, in virtually all locales, vaped 
nicotine products and all types of tobacco 
(smokeless and combusted) can be legally 
purchased at age 18, large numbers of 12th 
graders who vape do so legally (1, 2, 4, 8, 9). 
Contemporaneously, population youth smok- 
ing rates dropped much faster in the years 
vaping surged the most (2013-2019) than in 
prior years, reaching record lows during that 
same period (2, 9), which suggests that nico- 
tine vape use may be replacing smoking more 
than promoting it (J, 4, 6, 8, 9). 

We share strong concern about the large 
surge in youth vaping (some call it an epi- 
demic and point to studies of a possible but 
unproven causal gateway into smoking) and 
we promote harm minimization and man- 
agement. Yet we suggest that careful analysis 
of all the data in context indicates that the 
net benefits of vaped nicotine products out- 
weigh the feared harms to youth (4, 6, 8). 

Complicating the question of the relative 
harms of youth vaping are data showing 
that some youth only vape flavored prod- 
ucts (without nicotine or THC), and 41.8% of 
vaping youth report vaping THC. Some U.S. 
states have legalized cannabis for adults. In 
others it remains illegal. The impact of the 
black market, a source of contaminated THC- 


Published by AAAS 


based oils, has been devastating. Although 
the carrier liquids and additives in THC oils 
are different and more hazardous than those 
used safely for a decade in commercial nico- 
tine products or flavors alone, there are un- 
known risks from unregulated and illegally 
obtained products. Addressing the rapid 
rise in teen use of vaping is imperative. But 
public health measures must not neglect dis- 
tinctions between nicotine and THC as well 
as between products obtained through the 
retail and black markets. The illegal market- 
place provides access to both THC and nico- 
tine-based products at costs lower than over 
the counter. Users can obtain products not 
available over the counter. In a black market, 
age is no barrier to access. Further, there is 
evidence that in the face of bans, adolescent 
vapers switch to smoking (17). Regulation in- 
evitably produces the possibility of the black 
market, but the approach to regulation can 
make the black market more or less attractive 
and more or less harmful to users, be they 
youth or adults. 

In the case of adult smokers, there is solid 
scientific evidence that vaping nicotine is 
much safer than smoking. In a 2018 report 
by the U.S. National Academies of Sciences, 
Engineering, and Medicine (NASEM), com- 
missioned by the FDA, an expert panel sys- 
tematically reviewed the scientific evidence. 
It determined, “There is conclusive evidence 
that completely substituting vaping nicotine 
for combustible tobacco cigarettes reduces 
users’ exposure to numerous toxicants and 
carcinogens present in combustible tobacco 
cigarettes” (JO), consistent with other major 
evidence and systematic reviews (4, 6, 12). 

But what this NASEM determination of 
less harm meant for overall public health 
impact was another question. Concerned 
with uncertainties, particularly involving 
presumed high risks to youth, some of the 
NASEM report authors made clear that their 
findings should not be construed as blanket 
support for harm reduction. A contempora- 
neous systematic review conducted by PHE 
came to a different conclusion about the 
promise of nicotine vaping as a safer alterna- 
tive to smoking by weighing concerns about 
youth differently (4, 6, 8-10). 

Although it may be decades before we fully 
understand the long-term consequences of 
vaping nicotine without smoke, many argue 
that we know enough and stress that too 
many smokers die every day we delay tak- 
ing reasonable and rational action based on 
the science to date. Evidence from multiple 
strong observational studies and random- 
ized trials suggests that vaping nicotine is 
more appealing and more effective than NRT 
at displacing smoking (4, 6, 8, 13). Vaping fla- 
vors with or without nicotine may appeal to 
youth, but flavors also appeal to adult smok- 
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ers and help them switch. Evidence suggests 
that the vast majority of smokers who suc- 
cessfully switch completely from smoking 
combustible products to vaping do so—after 
weeks, months, or years of dual use—by tran- 
sitioning from vaping tobacco, or menthol- 
flavored liquids, to other flavors and often to 
lower nicotine concentrations or even to no 
nicotine in order to reduce the triggers that 
remind them of their prior smoking product 
(4, 6, 13, 14). 


THE WAY FORWARD 

Making policy in the absence of evidentiary 
certainty must involve trade-offs. Policy ac- 
tion has consequences for those who have 
never smoked, especially youth. It also has 
implications for current and future smok- 
ers. It is estimated that more than 1 bil- 
lion smokers will die prematurely across 
the globe in the 21st century. We believe 
that the complex calculus of pros and cons 
warrants finding an optimal balance (4, 6, 
8), thereby making fully regulated nico- 
tine vaping products available to smokers 
while adopting forceful measures to limit 
the risks to and use by youth as much as 
possible. The UK, which embraced nicotine 
vaping harm reduction as a safer alterna- 
tive to combustible products, has been able 
to accomplish appropriate regulation that 
has managed both youth nicotine uptake 
and helping adult smokers to quit. The 
UK, through the Medicines and Healthcare 
Products Regulatory Agency (MHRA), has a 
notification system that requires assurance 
by the maker about the safety and quality 
of any product on the market. The UK also 
prohibits sale of THC products. In addition 
to a system for reporting adverse events, 
the MHRA maintains a website so users 
can determine whether products are being 
legally sold. UK measures reflect regulatory 
requirements in the European Union. 

Although the U.S. health care, advertis- 
ing, and regulatory systems are different 
from those in the UK, there are measures 
we can take short of outright bans. The 
United States needs a regulatory infrastruc- 
ture to ensure that products on the market 
are as safe as possible. The FDA should 
implement a product monitoring system or 
require manufacturers to conduct product 
monitoring under Section 915 of the To- 
bacco Control Act. Prudent product stan- 
dards (neither overly burdensome nor too 
lax) should rapidly be promulgated by the 
FDA Center for Tobacco Products for vaping 
nicotine products as a class. 

Menthol is the single most critical fla- 
vor when it comes to both adult and youth 
smoking. Despite two FDA-derived reports 
that recommended a ban on menthol in 
combustibles, there has been policy paraly- 
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sis in the face of appalling evidence: 52% 
of all youth and more than 90% of African 
American youth initiate smoking with men- 
thol. If we are going to take policy action on 
flavors, menthol in combustible products 
must be the first target. 

The challenges of nicotine vaping also de- 
mand a rigorous system of surveillance that 
might detect an unanticipated harm early, 
similar to pharmaceutical post-market sur- 
veillance for adverse events. Although the 
CDC and FDA, through searching and rigor- 
ous analyses, are pinpointing the source of 
the sudden serious and deadly lung injuries 
(3), there is the risk that additional compli- 
cations will emerge. Vitamin E acetate may 
not be the only chemical of concern. Ongo- 
ing surveillance is the best means of detect- 
ing harm in a situation where we may never 
have absolute certainty about safety. 

No youth (for policy purposes, tradition- 
ally less than age 21) should use nicotine in 
any form (regardless of whether it is vaping 
or more harmful smoking) or use any form 
of THC. Current U.S. laws restrict purchase 
of alcohol to those 21 or older. The U.S. In- 
stitute of Medicine issued a 2015 report in- 
dicating that age 21 restrictions on tobacco 
sales would reduce teen tobacco uptake and 
save lives. Failure to promulgate age 21 pur- 
chase laws across the United States and en- 
force restrictions is unacceptable. Taxation 
has also proved an effective means of pricing 
products out of the hands of youth. Setting 
vaping nicotine taxes lower than those on 
combustible products can help keep prod- 
ucts out of the hands of teens but still pro- 
vide an incentive for adult smokers to switch. 
Communicating accurately the absolute and 
relative harms for vaping nicotine compared 
with smoking is critical so smokers can make 
informed decisions. Finally, predatory mar- 
keting to youth should be prohibited. 

But appropriate regulation and strong 
limits on youth access will only address part 
of the U.S. problem. Although they are not 
nicotine or tobacco products, THC vaping 
products must be addressed nationwide. 


THREADING THE NEEDLE 
Every day, more than 2500 U.S. teens start 
smoking, and about 1300 U.S. adults who 
cannot stop smoking cigarettes die prema- 
turely; 5.6 million U.S. youth alive today will 
die from smoking, feeding the pipeline of 35 
million U.S. adult smokers, more than half of 
whom will die prematurely, despite efforts to 
prevent all youth uptake. Sixteen million peo- 
ple in the United States suffer with smoking- 
related illnesses such as cancer, emphysema, 
chronic obstructive lung disease, and other 
debilitating chronic diseases. 

The most conservative estimates suggest 
that were vaping nicotine to replace most 
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smoking over the next 10 years, 1.6 million 
premature deaths would be avoided and 
20.8 million quality adjusted years of life 
would be saved in the United States alone. 
The greatest gains would be among younger 
cohorts (15). Across the globe, more than 8 
million smokers will die prematurely from 
smoking cigarettes, not from nicotine itself, 
in 2019 alone. The potential benefit of ap- 
propriately regulated, innovative, noncom- 
busted nicotine modes of delivery could 
have a tremendous impact globally. 

The mounting numbers of acute lung 
injuries and deaths linked to vaping illicit 
THC cartridges have understandably fueled 
a policy impulse to do something. Although 
blanket bans on all devices, all types of 
liquids (with or without nicotine or THC), 
or flavors other than tobacco may provide 
immediate relief to our collective sense of 
urgency when it comes to protecting youth, 
the landscape has changed over the past 
decade. The calculus is no longer limited 
to nicotine vaping. Proposed solutions that 
conflate vaping THC oils with nicotine or 
with flavors, and that may lose sight of 
population-wide issues while focusing on 
subsets of the population (4, 6, 8, 9), may do 
more harm than good. 

Whatever specific regulations and poli- 
cies are promulgated at local, state, national, 
or international levels, policies or regula- 
tions must be risk-proportionate. The most 
harmful products on the nicotine-harm 
continuum, combustible products, should 
be much more aggressively and stringently 
regulated than less harmful noncombusted 
nicotine products. Policies that fail to dif- 
ferentiate will fail public health. 
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Planning for a warmer world 


A pair of Obama advisers advocate for proactive 


climate solutions 


By Daniel A. Reifsnyder 


n Building a Resilient Tomorrow, Alice 
Hill and Leonardo Martinez-Diaz have 
put together a superb primer on respond- 
ing to the impacts of climate change. The 
writing is simple and tight and should 
appeal to anyone interested in how to 
prepare for the future of our physical world. 
Hill is a senior fellow for climate change 
policy at the Council on Foreign Relations, 
while Martinez-Diaz is the global director 
of the Sustainable Finance Center at the 
World Resources Institute. Both played se- 
nior roles in the Obama administration. 
The book’s first section—“Systems for 
Large-Scale Change’—addresses topics such 
as how to rebuild in response to natural di- 
sasters (where, when, and to what standards); 
legal liability when losses occur; and market 
approaches to help improve resilience, in- 
cluding disclosure requirements, capturing 
climate risk in bond and real estate markets, 
and strengthening standards to obtain or 
maintain insurance. Here, the authors point 
to “no more” moments that can bring about 
large-scale, decisive action, but they acknowl- 
edge that “the rest of the time we largely fail 
to learn from our experience.” Take, for exam- 
ple, their stunning observation that 8 of the 
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18 most hurricane-prone states in the union 
have no mandatory, statewide building code. 

Why does this happen? In their view, 
the reasons are many and include pro- 
hibitive construction costs, the potential 
for lost tax revenue, a fear of litigation, 
optimism bias (our tendency to believe that 
situations will resolve favorably), and inertia. 

The second part of the book 
deals with finding ways to pay 
for resilience, gathering data and 
making it more usable, and get- 


BUILDING A 
RESILIENT 
TOMORROW. 


Sandbags surround Goldman Sachs the day after 
Superstorm Sandy hit New York City in 2012. 


approaching storm or wildfire. It’s also 
about having the option to change your 
permanent address as climate conditions 
change,” they write. 

Each chapter is packed with specific exam- 
ples, and the authors include hopeful innova- 
tions and approaches as well. In chapter 1, for 
example, they describe the “Dome of a Home” 
in Pensacola, Florida, that incorporated resil- 
ient design features, enabling it to withstand 
Hurricane Ivan in 2004 largely intact. 

Particularly gripping is chapter 9, which 
focuses on relocating people in harm’s way. 
For years, the issue of displacement and re- 
location was something of a taboo subject in 
international climate debates, both because 
it is so sensitive and because solutions are 
not readily apparent. Hill and Martinez- 
Diaz tackle this issue head-on, dealing with 
it in a sensitive but clear-eyed manner. 

“Of all the hard lessons in this book, man- 
aging climate migration may be the hard- 
est,” they argue, acknowledging that even 
the Obama White House dropped “managed 
retreat” for more politically palatable alter- 
natives. “Our political leaders will need to be- 
gin a national conversation on this sensitive 
topic, and the sooner the better,’ urge Hill 
and Martinez-Diaz, arguing that “[t]he ear- 
lier we start, the easier, and less costly, and 
less traumatic building resilience will be.” 

The end of each chapter includes a short 
section featuring policy recommendations. 
Surprisingly, these are sometimes less 
pointed than the suggestions put 
forward in the chapters them- 
selves. In chapter 6, for example, 
they discuss the idea of “institu- 


—————— 


ting around human biases that 
make us reluctant to act. Here, 
they describe the staggering costs 
borne by the federal government 
for disaster relief ($130 billion 
between 2005 and 2008, for ex- 
ample, spent mostly in response 
to Hurricanes Katrina, Rita, and 
Wilma). The authors cite former 
Treasury Secretary Henry Paul- 
son’s argument that if Republicans really 
care about limited government, they should 
care about controlling climate change before 
it results in never-ending climate bailouts. 
Thebook’sfinalsection—“The Upenders’”— 
deals with strengthening the healthcare 
system, addressing inequality and improv- 
ing community, relocating entire commu- 
nities and immigration, and reconceiving 
national security. Here, Hill and Martinez- 
Diaz deal sensitively with issues of inequal- 
ity. “(Mobility in the age of climate change 
is not just about escaping an imminently 
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Tomorrow 
Alice C. Hill and 
Leonardo Martinez-Diaz 
Oxford University Press, 
2019. 264 pp. 


tionalizing imagination,” arguing 
that, “Part of the answer lies in 
making the exercise of imagina- 
tion a regular, even mandatory 
practice... It’s not about predict- 
ing the future, but about con- 
sidering what different futures 
might look like regardless of how 
likely or unlikely they may seem.” 
The granularity and urgency 
of this point seem lost in the subsequent 
policy recommendation: “Federal, state and 
local governments, as well as businesses 
should integrate regular climate-risk sce- 
nario analysis into key strategy processes.” 

Still, Hill and Martinez-Diaz have orga- 
nized complex material across multiple dis- 
ciplines in a way that makes their narrative 
accessible and stimulating. This book is a 
great entry point and a very welcome addi- 
tion to the resilience literature. ® 


10.1126/science.aaz6838 
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CHEMISTRY 


Mastering the element of competition 


Players race to research the periodic table in an engaging new board game 


By Jennifer V. Hines 


his year marks the 150th anniversary 
of Mendeleev’s publication on the 
periodic table. Periodic: A Game of 
the Elements provides a fun way to 
celebrate the science behind it in an 
engaging, play-based format. 
Cheerful colors create an inviting game 
setup, and pieces shaped like microscopes, 
test tubes, and flasks playfully under- 
line the science theme. The game board 
displays the periodic table (without the 
lanthanides and actinides) and is color 
coded by element group and classification 
type. Lively visual references to the tools 
chemists use and the elements that com- 
pose selected materials are incorporated 
throughout the game, and an accompany- 
ing booklet connects the game with the sci- 
ence and history of the periodic table. 
Players move around the board accord- 
ing to periodic trends related to atomic 
number, ionization energy, atomic radii, 
and atomic mass in order to “research” 
(land their marker on) specific elements. 
The direction in which one can move is de- 


The reviewer is at the Department of Chemistry 
and Biochemistry, Ohio University, Athens, OH 45701, USA. 
Email: hinesj@ohio.edu 


fined by the trends but also summarized 
by arrows located along the bottom of the 
game board, so prior knowledge about the 
periodic trends is not required. To move 
around the table, players use “energy to- 
kens” to activate the desired trend. “Lab 
tokens” in the shape of test tubes and 
round-bottom and Erlenmeyer flasks help 
players keep track of the points they have 
earned from researching elements. 

Players can earn and maximize points 
using different strategies. “Goal cards” 
(arranged into four piles of increasing 
difficulty) provide groups of ele- 


Microscope markers track each player’s 
progress along an outer course consist- 
ing of “element group cards.” Progression 
around this track can only occur when a 
player ends a turn on one of the elements 
present in the next element group card, 
and points are tallied by moving a marker 
along the “academic track” on the game 
board. Each successively higher square is 
worth more points, but the three highest 
squares can only be occupied by a limited 
number of players. Once filled, no one else 
can advance to those squares. The limited 

availability of these higher posi- 


ments—related by a common use ““"“™™™™™™™ ~tions on the academic track pro- 
or other fact—that players can Periodic: vides an extra layer of competition 
choose to research. Carbon, oxy- aris (one that might hit a bit too close 


gen, and calcium are grouped on 
one card, for example, on the 


John J. Coveyou 
and Paul Salomon 


to home for those in academia). 
The game ends either when a 


basis of the role all three play in Illustrator: goal card pile is depleted or the 
the calcium carbonate in chalk, Lie enc highest academic track spots are 
limestone, and seashells. The first er INES: filled. The player who has earned 


player to successfully research all 

the elements on a goal card receives that 
card’s points and an “award tile,” which 
can be redeemed for additional movement 
around the game board. Players also select 
one “agenda card,” which is kept hidden 
from the other players. Bonus points can 
be earned by achieving the objective stated 
on this card. 


Points are earned for researching elements, advancing on the academic track, and achieving secret objectives. 
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the most points through a combi- 
nation of researching goal card elements, 
advancing on the academic track, and 
achieving the agenda card objective(s) wins. 

On its own, moving around the peri- 
odic table according to trends and win- 
ning points by researching elements is a 
good premise for a game. The extra layers 
of complexity resulting from the differ- 
ent point-acquisition modes create more 
opportunities for strategic game play. 
Experienced gamers will likely find this 
interesting, but it may disconcert some 
beginner players. Our group, consisting of 
two professional scientists and a college 
student, found the point acquisition for 
moving around the periodic table accord- 
ing to the goal cards the most interesting 
and intuitive part of the game. 

While the rule book that comes in the 
box is useful, the online video instruc- 
tions (accessed via QR code) are also worth 
watching. These can help with initial setup 
and offer players tips for developing game- 
play strategies. 

Overall, Periodic is an engaging game 
that leverages interesting aspects of the 
periodic table, without requiring prior 
knowledge for successful game play. The 
opportunities for strategic play provide a 
fun challenge, even for those who know 
the periodic table well. @ 


10.1126/science.aba2746 
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Computer-generated 
view of Mars at 
dawn reveals the 
surface topography 
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MARTIAN ATMOSPHERE 


Mapping winds in Mars’ upper atmosphere 


he atmospheric loss processes that stripped Mars of most of its ancient atmosphere are 

poorly understood. Benna et al. analyzed atmospheric measurements collected by the Mars 

Atmosphere and Volatile Evolution (MAVEN) spacecraft as it repeatedly dipped into the red 

planet’s upper atmosphere. Combining multiple observing modes allowed the authors to 

derive wind speeds and map the global circulation of the atmosphere at altitudes of ~150 
kilometers. In some locations, winds followed the slope of the surface topography far below. Such 
insights into the upper levels of planetary atmospheres are limited, even for Earth. —KTS 


Science, this issue p. 1363 


MOLECULAR BIOLOGY 
Cohesin extrudes 
DNA loops 


DNA is folded into loops in 
eukaryotic cells by a process 
that depends on a ring-shaped 
adenosine triphosphatase com- 
plex called cohesin. Davidson et 
al. and Kim et al. now show that 
in the presence of the NIPBL- 
MAU2 protein complex, the 
human cohesin complex can 
function as a molecular motor 
that extrudes DNA loops with 
high speed in vitro. In con- 

trast to how it mediates sister 
chromatid cohesion, cohesin 
does not appear to entrap 

DNA topologically during loop 
extrusion. The results provide 
direct evidence for the loop 
extrusion model of chromatin 
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organization and suggest that 
genome architecture is highly 
dynamic. —SYM 

Science, this issue p. 1338, p. 1345 


ANCIENT ATMOSPHERE 
Stepping to 
an internal beat 


What caused the stepwise 
nature of the rise of molecular 
oxygen in Earth's atmosphere 
since it appeared in large 
quantities more than 2 billion 
years ago? Alcott et al. argue 
that a set of internal feedbacks 
involving the global phospho- 
rus, carbon, and oxygen cycles, 
not individual external forces, 
could be responsible. Their 
model, which depends only on 
a gradual shift from reducing 
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to oxidizing surface conditions 
over time, produces the same 
three-step pattern observed in 
the geological record. —HJS 
Science, this issue p. 1333 


HIGH-PRESSURE PHYSICS 
Diamond-based sensors 


Material properties can change 
dramatically under pressure. 
Typically, to achieve high-pres- 
sure conditions, researchers 
place their samples in diamond 
anvil cells (DACs). However, 
monitoring the properties of 
the sample inside a DAC is 
tricky (see the Perspective by 
Hamlin and Zhou). Hsieh et al., 
Lesik et al., and Yip et al. devel- 
oped monitoring techniques 
based on nitrogen-vacancy 
(NV) centers in diamond. The 
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NV centers can act as sensors 


because their energy levels 
and the associated spectra are 
sensitive to strain and magnetic 
fields. This enabled optical 
readout of a spatially resolved 
signal. —JS 
Science, this issue 
p. 1349, p.1359, p.1355; 
see also p.1312 


POLYMERS 


Strong and tough fibers 
Dragline spider silk is known for 
its combination of strength and 
toughness, but this combina- 
tion has been hard to replicate 
in synthetic fibers. Liao et al. 
electrospun polyacrylonitrile- 
co-methyl acrylate fibers 
modified with a small amount 
of poly(ethylene glycol) 


sciencemag.org SCIENCE 
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bisazide (PEG-BA) (see the 
Perspective by Fox). After col- 
lecting the electrospun yarn, 
it was annealed under tension 
that both aligned the small 
fibers and cross-linked them 
together via the PEG-BA. As 
hoped, the overall properties 
were comparable to those of 
spider silk. -MSL 
Science, this issue p. 1376; 
see also p.1314 


Cell-type identification 
in neural circuits 


In many cases, a single molec- 
ular marker is insufficient 
to define a specific cell type 
and may label a few, or a few 
hundred, physiologically distin- 
guishable cell types. Lee et al. 
developed a high-throughput 
technique, called physiologi- 
cal optical tagging sequencing 
(PhOTseq), for identifying 
the expression profile of cells 
that exhibit a particular 
physiological profile (see the 
Perspective by Renninger). 
They used PhOTseq to identify 
genes encoding vomeronasal 
receptors in mice, which detect 
pheromones and subserve 
social communication. —PRS 
Science, this issue p. 1384; 
see also p.1311 


Sleep disruption in 
cognitive decline 


Dementia affects nearly 36 
million people worldwide, a 
number that is expected to 
double within the next two 
decades. Sleep disruption 

is thought to underlie some 
aspects of cognitive decline 
and neurodegeneration. 
Kaneshwaran et al. assessed 
sleep disruption in two cohort 
studies of older persons—the 
Rush Memory and Aging 
Project and the Religious 
Orders Study. In the subjects, 
greater sleep fragmenta- 

tion was associated with 
higher neocortical expression 
of genes characteristic of 
microglial aging and activation. 


SCIENCE sciencemag.org 


This valuable human data may 
provide therapeutic pointers 
for the treatment of neurode- 
generative disorders. —KSL 
Sci. Adv. 10.1126/sciadv.aax7331 
(2019). 


Dissecting the effects 
of ecstasy 


Owing to its prosocial effects, 
MDMA (commonly known as 
ecstasy) is being evaluated 
for the treatment of psychiat- 
ric disorders. Unfortunately, 
MDMA's rewarding addic- 
tive properties hinder its 
therapeutic use. Heifets et al. 
investigated the mechanisms 
mediating the effects of MDMA 
in mice. They found that the 
prosocial and rewarding effects 
were mediated by independent 
mechanisms: The prosocial 
effects were mediated by 
the serotoninergic system, 
whereas the rewarding effects 
required dopaminergic signal- 
ing. The results offer hope for 
the development of more spe- 
cific therapeutics with fewer 
side effects. -MM 

Sci. Transl. Med. 11, eaaw6435 

(2019). 


It’s the prey that 
matters 


Although many people think 
of dinosaurs as being the larg- 
est creatures to have lived on 
Earth, the true largest known 
animal is still here today— 
the blue whale. How whales 
were able to become so large 
has long been of interest. 
Goldbogen et al. used field- 
collected data on feeding and 
diving events across different 
types of whales to calculate 
rates of energy gain (see the 
Perspective by Williams). They 
found that increased body size 
facilitates increased prey cap- 
ture. Furthermore, body-size 
increase in the marine environ- 
ment appears to be limited 
only by prey availability. —SNV 
Science, this issue p. 1367; 
see also p. 1316 


LONGEVITY 


Edited by Caroline Ash 
and Jesse Smith 


Immune-mediated longevity 


he naked mole-rat is a fascinating example of an 

animal with an extended lifespan relative to its body 

size. Hilton et al. investigated whether there are 

distinct attributes of the immune system of this social 

rodent that could account for their healthful aging. 
They mapped the immune system of naked mole-rats 
using single-cell RNA sequencing and found a high ratio of 
myeloid cells to lymphoid cells compared with the immune 
system of short-lived mice. They also identified a previ- 
ously undescribed subset of granulocyte cells and found 
that naked mole-rats lack natural killer cells. Perhaps this 
altered immune cell composition helps prevent aging- 
associated disease, including cancer, which allows naked 
mole-rats to live for such a long time. —GKA 


PLOS Biol. 17,e3000528 (2019). 


Genomic sensitivity 
unmasked by UV 


Exposure to ultraviolet (UV) light 
can cause DNA damage and is a 
risk factor for cancer. For individu- 
als, it would be valuable to be able 
to measure past UV exposure 
and thus future risk of melanoma. 
Premi et al. developed methods 
to sequence and analyze UV 
damage in the genome of human 
fibroblasts and melanocytes. In 
melanocytes, specific genetic 
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The naked mole-rat 
(Heterocephalus glaber) has 
distinctive physiological 
adaptations, including 
those that may 

contribute to longevity. 


loci are exquisitely sensitive to 

UV. These hyperhotspots of DNA 

damage associate with specific 

DNA motifs in sequences adja- 

cent to protein coding genes and 

are expressed. This means that 

in every instance of UV-induced 

sunburn, about 20 cellular path- 

ways affecting cellular growth 

and physiology are hit at least 

once. This is where the risk from 

UV may lie, rather than in rare 

oncogenic mutations. —LMZ 

Proc. Natl. Acad. Sci. U.S.A. 116, 24196 
(2019). 
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FISHERIES 


Fisherman’s friends 


he decline of fisheries is a story not just about fish, aquatic ecosystems, and sustainable 
food supplies but also about the people who base their livelihoods on fishing. Severe limita- 
tions imposed in recent years to maintain a sustainable cod fishery in the Northeastern 
United States have brought the catch to historic lows. Recognizing that fisheries manage- 
ment does not include any measure of the social impact of policy changes, Scyphers et al. 
surveyed the effect of the fisheries decline on people and communities. The results unveil severe 
psychological stress among fishing boat captains, exacerbated by ongoing lawsuits. Although 
trust for other fishers and the fishing business remains, low trust prevails for government bodies, 
fisheries management, and environmental nongovernmental organizations. The most distressed 
individuals were those without alternative income sources and with dependents at home. —PJH 


Proc. Natl. Acad. Sci. U.S.A. 116, 22912 (2019). 


The decline in fisheries has brought considerable psychological stress to coastal communities. 


SUPERNOVAE 
Type Il supernovae from 


binary stars 

When an isolated star of 8 to 25 
solar masses runs out of fuel in 
its core, it explodes in a hydrogen- 
rich (type Il) supernova. However, 
stars are often in binary systems. 
Interaction with a binary compan- 
ion transfers mass between the 
stars, changing the stellar evolu- 
tion. Zapartas et al. performed 
population synthesis simulations 
of five binary interaction channels 
that can produce a type II super- 
nova, including in the initially less 
massive star or as the result of a 
stellar merger. They concluded 
that between one-third and 
one-half of all observed type II 
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supernovae are the outcome of 
binary interactions, which may 
explain the diversity in observed 
properties of type II supernovae. 
—KTS 


Astron. Astrophys. 631, A5 (2019). 


NANOMATERIALS 
Improving nanocrystal 
contacts 


Semiconductor nanocrystals 
can be used in photodetectors 
and transistors by taking advan- 
tage of their size-tunable band 
gaps. However, organic coatings 
or poor contacts between 
crystals can create barriers that 
lead to carrier hopping rather 
than band transport. Walravens 
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et al. deposited a close-packed 
monolayer of 6.5-nanometer 
lead selenide nanocrystals 
stripped of their organic coat- 
ings onto silicon or glass 
substrates. After annealing this 
superlattice at a temperature 
between 75° and 150°C, which 
preserved nanocrystal size and 
shape, x-ray diffraction showed 
a decrease in point defects and 
edge dislocations attributed to 
fewer interface stacking faults. 
Carrier mobility was increased 
by a factor of 10, and the band 
edge red-shifted up to 0.75 
milli-electron volts, in good 
agreement with theoretical 
predictions for carrier delocal- 
ization. —PDS 

ACS Nano 13, 12774 (2019). 
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QUANTUM MECHANICS 
Quenched tunneling 
in ammonia 


Inversion between two energeti- 
cally equivalent umbrella-spaced 
configurations in ammonia (NH,) 
is a classic textbook example 
of tunneling ina symmetric 
double-minimum potential. Park 
et al. report on how a very strong 
direct-current electric field, 
as powerful as intermolecular 
interactions, can suppress this 
quantum mechanical phe- 
nomenon in the system. They 
observed that NH, molecules 
isolated in a solid argon matrix 
at 10 kelvin strongly orient along 
the external field direction and 
that, as the field is increased 
up to 200 million volts per 
meter, their energy states shift, 
eventually quenching the tun- 
neling from the normal state to 
the inverted one. The observed 
changes are reversible and open 
up opportunities for manipulat- 
ing tunneling dynamics in many 
other molecules. —YS 
Proc. Natl. Acad. Sci. U.S.A. 116, 23444 
(2019). 


STEM CELLS 
Lubricating cell fate 


The generation of hematopoietic 
stem cells (HSCs) is crucial for 
the treatment of diverse blood 
disorders. However, HSC turn- 
over is high, and they are easily 
damaged, which means a risk 
for malignancy. Nevertheless, 
hematologic malignancies 
are rare, So Xie et al. investi- 
gated how human HSCs are 
maintained during stress and 
self-renewal. The authors found 
that the sphingolipid enzyme 
DEGS1, by modulating sphingo- 
lipid composition, mediates the 
shift from quiescent to activated 
HSCs and then regulates the 
differentiation of HSC lineages. If 
DEGS1 is inhibited, stress path- 
ways are activated that converge 
on the endoplasmic reticulum, 
which removes damaged pro- 
teins. Obesity associates with 
altered HSC function in mice, 
perhaps because this condition 
also reprograms lipid-related 
HSC stress responses. —BAP 
Cell Stem Cell 25, 639 (2019). 
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CLIMATE CHANGE 
Measuring mitigation 
and adaptation 


As more and more carbon 
dioxide is emitted into the atmo- 
sphere, humans and the natural 
world are beset by the damag- 
ing consequences of a rapidly 
changing climate. Natural and 
seminatural ecosystems are 
likely to be the best starting 
place for immediate adaptation 
and mitigation solutions. First, 
though, many natural environ- 
ments need restoration to 
maximize their own resilience to 
climate change. In reviewing our 
options, Morecroft et al. point 
out that we can directly observe 
the success of mitigation strate- 
gies by quantifying atmospheric 
carbon dioxide. Successful 
adaptation is more challenging 
because it involves a range of 
social and biodiversity mea- 
sures. However, we could make 
matters worse if we do not 
constantly monitor the effects 
of the interventions we devise 
and react flexibly as changing 
conditions unfold. —CA 

Science, this issue p. 1329 


GLOBAL CONSERVATION 
The time is now 


For decades, scientists have 
been raising calls for societal 
changes that will reduce our 
impacts on nature. Though 
much conservation has 
occurred, our natural environ- 
ment continues to decline under 
the weight of our consumption. 
Humanity depends directly 

on the output of nature; thus, 
this decline will affect us, just 
as it does the other species 
with which we share this world. 
Diaz et al. review the findings 
of the largest assessment of 
the state of nature conducted 
as of yet. They report that 

the state of nature, and the 
state of the equitable distribu- 
tion of nature's support, is in 
serious decline. Only immedi- 
ate transformation of global 
business-as-usual economies 
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and operations will sustain 
nature as we know it, and us, 
into the future. —SNV 

Science, this issue p. 1327 


AGRICULTURE 
Mobile farming advice 


Mobile phones are almost uni- 
versally available, and the costs 
of information transmission are 
low. They are used by small- 
holder farmers in low-income 
countries, largely successfully, 
to optimize markets for their 
produce. Fabregas et al. review 
the potential for boosting mobile 
phone use with smartphones to 
deliver not only market informa- 
tion but also more sophisticated 
agricultural extension advice. 
GPS-linked smartphones could 
provide locally relevant weather 
and pest information and 
video-based farming advice. 
But how to support the financial 
requirements of such extension 
services is less obvious, given 
the unwieldiness of govern- 
ment agencies and the vested 
interests of commercial suppli- 
ers. —CA 

Science, this issue p. 1328 


STRUCTURAL BIOLOGY 
Revised view of anticancer 
drug mechanism 


A crystal structure of the active 
form of cyclin-dependent kinase 
4 (CDK4) provides insight into 
regulation of the cell cycle and 
the mechanism of action of a 
drug used for breast cancer 
therapy. The protein p27 has 
been thought to act as a CDK 
inhibitor. Guiley et al. performed 
a structural analysis of active 
complexes of CDK4 with cyclin 
D1(CycD1) and p27 (see the 
Perspective by Sherr). The 
results showed that p27 actually 
remodels the active site of CDK4 
to allow full activation when p27 
is phosphorylated on tyrosine 
(phosp27). Furthermore, they 
found that the breast cancer 
drug palbociclib, a CDK4 inhibi- 
tor, doesn't actually interact with 
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active phosp27-CDK4-CycD1 
trimers. Instead, it appears that 
the drug, which shows promise 
in the clinic, binds to inactive 
CDK4 monomers and prevents 
interaction with p27. —LBR 
Science, this issue p. 1330; 
see also p.1315 


MICROBIOTA 
Clostridial metabolite 
production 


The clostridia are Firmicute bac- 
terial commensals commonly 
found in the mammalian gut. 
Clostridia produce a range of 
metabolites that diffuse into the 
host's circulation and have been 
difficult to manipulate geneti- 
cally, but Guo et al. successfully 
developed a CRISPR-Cas9 
deletion system in Clostridium 
sporogenes (see the Perspective 
by Henke and Clardy). The 
authors used deletion mutants 
and mass spectrometry to 
ucidate clostridial synthesis 
of several different branched 
short-chain fatty acids (SCFAs), 
including isobutyrate, 2-meth- 
ylbutyrate, and isovalerate. 
Germ-free mice colonized with 
mutants incapable of synthe- 
sizing SCFAs showed altered 
immunoglobulin A production. 
This finding potentially links 
bacterial SCFA production and 
host responses to the presence 
of the clostridia. —CA 

Science, this issue p. 1331; 

see also p. 1309 
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MICROBIOTA 
Prospecting for drugs in 
the microbiome 


The microbiome is an impor- 
tant source of natural products 
that can profoundly influence 
health and disease in the host. 
Sugimoto et al. constructed a 
modular, probabilistic strategy 
called MetaBGC to uncover 
biosynthetic gene clusters 
(BGCs) in human microbiome 
samples (see the Perspective by 
Henke and Clardy). The authors 
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found geographic and strain- 
specific distributions of BGCs. 
By zeroing in on two type II 
aromatic polyketides, the native 
organisms were identified, the 
BGCs were reconstructed in 
Streptomyces, and the prod- 
ucts were characterized. When 
expressed in Bacillus subtilis, the 
products resembled currently 
used anticancer drugs and anti- 
biotics. These polyketides were 
not cytotoxic but had inhibitory 
activity against oral Gram- 
positive bacteria, which may 
reflect the niche and ecology of 
the originating organisms. —CA 
Science, this issue p. 1332; 
see also p.1309 


GLYCOBIOLOGY 

A division of labor for 
glycosylation 

Glycosylation is a ubiquitous 
modification of eukaryotic 
secreted proteins. Asparagine- 
linked chains of sugars are 
appended to many substrates 
as they are translocated into the 
endoplasmic reticulum. Ramirez 
et al. solved cryo-electron 
microscopy structures of two 
human oligosaccharyltrans- 
ferase complexes, OST-A and 
OST-B. The catalytic subunits 
bind partner proteins that 

direct glycosylation of specific 
substrates either cotransla- 
tionally (OST-A) or on fully 
folded proteins (OST-B). High- 
resolution views of the active site 
and bound substrates in one of 
the complexes reveal important 
features of the human enzymes. 
—MAF 


Science, this issue p. 1372 


NANOMATERIALS 
Single-layer porphyrin 
polymerization 
Two-dimensional polymers can 
be made as monolayer sheets 
through controlled synthesis 

at an interface. However, it is 
often difficult to create intact 
sheets over large areas that can 
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be transferred onto substrates. 
Zhong et al. polymerized 
derivatized porphyrin molecules 
during laminar flow at a sharp 
pentane-water interface to form 
sheets that are 5 centimeters in 
diameter (see the Perspective 
by MacLean and Rosei). The 
authors used electron micros- 
copy and spectroscopy to 
confirm that they had produced 
intact monolayers. These 
films were then transferred 
onto monolayer sheets of 
molybdenum disulfide to form 
superlattices for use as capaci- 
tors. —PDS 

Science, this issue p 1379; 

see also p. 1308 


MUCOSAL IMMUNOLOGY 
Protecting intestinal 
stem cells 


The intestinal epithelium is 
replaced every week. Thus, 
maintenance of this tissue 
requires rapid self-renewal 
driven by intestinal stem cells. 
This homeostasis is disrupted in 
a number of settings, includ- 
ing allogeneic bone marrow 
transplantation. After bone mar- 
row transplantation, allogeneic 
T cells often attack and kill 
intestinal cells in an interferon-y 
(IFN-y)—dependent manner. 
Takashima et al. used in vivo 
transplant models and in vitro 
organoid systems to define the 
targets of IFN-y in the mouse 
intestine. They found that IFN-y 
directly targets intestinal stem 
cells. Furthermore, inhibitors 
of JAK-STAT signaling could be 
used to protect the intestinal 
stem cell compartment from 
T cell-mediated damage. —AB 
Sci. Immunol. 4, eaay8556 (2019). 


PHYSIOLOGY 
Metabolic changes under 
pressure 


Chronic hypertension causes 
irreversible damage to the kid- 
neys. Rinschen et al. performed 
multiomics analyses of kidney 
tissue from rats that spontane- 
ously develop hypertension 
when fed a high-salt diet. At early 
disease stages, kidney glomeruli 
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showed metabolic changes. The 
alterations in kinase activity and 
metabolic enzyme abundance 
that occurred at later disease 
stages appeared to be triggered 
by the initial metabolic changes. 
Thus, metabolic interventions 
could potentially be useful in 
treating hypertension-induced 
kidney disease. —WW 


Sci. Signal. 12, eaax9760 (2019). 
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BACKGROUND: Human actions have long been 
known to drive declines in nature, and there is 
growing awareness of how globalization means 
that these drivers increasingly act at a distance 
(telecoupling). However, evidence from differ- 
ent disciplines has largely accumulated in par- 
allel, and the global effects of telecouplings have 
never been addressed comprehensively. Now, the 
first integrated global-scale intergovernmental 
assessment of the status, trends, and future of 
the links between people and nature provides 
an unprecedented picture of the extent of our 
mutual dependence, the breadth and depth of 
the ongoing and impending crisis, and the in- 
terconnectedness among sectors and regions. 


ADVANCES: Human impacts on life on Earth 
have increased sharply since the 1970s. The 
world is increasingly managed to maximize 
the flow of material contributions from na- 
ture to keep up with rising demands for food, 


energy, timber, and more, with global trade 
increasing the geographic separation between 
supply and demand. This unparalleled appro- 
priation of nature is causing the fabric of life 
on which humanity depends to fray and un- 
ravel: Most indicators of the state of nature, 
whether monitored by natural and social 
scientists or by Indigenous Peoples and local 
communities, are declining. These include the 
number and population size of wild species, 
the number of local varieties of domesticated 
species, the distinctness of ecological com- 
munities, and the extent and integrity of 
many terrestrial and aquatic ecosystems. As 
a consequence, nature’s capacity to provide 
crucial benefits has also declined, including 
environmental processes underpinning hu- 
man health and nonmaterial contributions 
to human quality of life. The costs are dis- 
tributed unequally, as are the benefits of an 
expanding global economy. 


Traditional diversity-rich human landscapes, and the livelihoods and identities that depend on them, 
face global threats. Mosaics of crops, forest, and pasture have been maintained for millennia around the 
world. Now, they are under increasing threat from climate change and large-scale land use change to 
accommodate global demands for commodities. So are the livelihoods and cultural identity of the peoples that 
live in them, such as this woman collecting fodder for her flock in the Checacupe district, Pert. 
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These trends in nature and its contribu- 
tions to people are projected to worsen in the 
coming decades—unevenly so among differ- 
ent regions—unless rapid and integrated action 
is taken to reduce the direct drivers responsible 
for most change over the past 50 years: land 
and sea use change, direct harvesting of many 
plants and animals, climate change (whose im- 
pacts are set to accelerate), pollution, and the 
spread of invasive alien species. Exploratory 

scenarios suggest that a 
world with increased re- 
Read the full article gional barriers—resonat- 
at http://dx.doi. ing with recent geopolitical 
org/10.1126/ trends—will yield more 
science.aax3100 negative global trends in 
° nature, as well as the greatest 
disparity in trends across regions, greater 
than a world with liberal financial markets, and 
much greater than one that prioritizes and in- 
tegrates actions toward sustainable develop- 
ment. Evidence from target-seeking scenarios 
and pathways indicates that a world that 
achieves many of the global biodiversity tar- 
gets and sustainability goals related to food, 
energy, climate, and water is not—yet—beyond 
reach, but that no single action can get us there. 


OUTLOOK: Our comprehensive assessment of 
status, trends, and possible futures for nature 
and people suggests that action at the level 
of direct drivers of nature decline, although 
necessary, is not sufficient to prevent further 
deterioration of the fabric of life on Earth. 
Reversal of recent declines—and a sustainable 
global future—are only possible with urgent 
transformative change that tackles the root 
causes: the interconnected economic, socio- 
cultural, demographic, political, institutional, 
and technological indirect drivers behind the 
direct drivers. As well as a pan-sectoral ap- 
proach to conserving and restoring the nature 
that underpins many goals, this transforma- 
tion will need innovative governance approaches 
that are adaptive; inclusive; informed by exist- 
ing and new evidence; and integrative across 
systems, jurisdictions, and tools. Although the 
challenge is formidable, every delay will make 
the task even harder. Crucially, our analysis 
pinpoints five priority interventions (“levers”) 
and eight leverage points for intervention in 
the indirect drivers of global social and eco- 
nomic systems where they can make the biggest 
difference. @ 


The list of author affiliations is available in the full article online. 
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The human impact on life on Earth has increased sharply since the 1970s, driven by the demands of 

a growing population with rising average per capita income. Nature is currently supplying more materials 
than ever before, but this has come at the high cost of unprecedented global declines in the extent 
and integrity of ecosystems, distinctness of local ecological communities, abundance and number of wild 
species, and the number of local domesticated varieties. Such changes reduce vital benefits that people 
receive from nature and threaten the quality of life of future generations. Both the benefits of an 
expanding economy and the costs of reducing nature’s benefits are unequally distributed. The fabric of 
life on which we all depend—nature and its contributions to people—is unravelling rapidly. Despite the 
severity of the threats and lack of enough progress in tackling them to date, opportunities exist to 
change future trajectories through transformative action. Such action must begin immediately, however, 
and address the root economic, social, and technological causes of nature’s deterioration. 


Ithough previous large-scale environ- 
mental assessments have documented 
how human actions have been driving 
biodiversity loss and ecosystem deteri- 
oration, the recent Intergovernmental 
Science-Policy Platform on Biodiversity and 
Ecosystem Services Global Assessment (7) has 
provided an unprecedentedly ambitious, inter- 
disciplinary, and comprehensive synthesis of 
the evidence. It paints the clearest picture yet of 
how, despite humanity’s profound dependence 
on nature, we are altering it at a truly planetary 


scale, with impacts that are distributed very 
unequally around the world and among sectors 
of society. This is the first comprehensive global 
assessment of nature that followed an inter- 
governmental process from start to end, covering 
not only the history of humanity’s interac- 
tions with nature—with particular focus on 
the past 50 years—but also how these might 
change in the future. It was carried out by an 
independent, interdisciplinary team of experts 
from more than 50 countries within a frame- 
work that fully embraces the interdependence 


between people and nature (2-4), using a 
systematic approach that incorporates indig- 
enous and local knowledge as well as the latest 
findings of natural and social sciences up to 
May 2018. Here, we distill the major findings 
of this report and augment them with more 
recent evidence. 


Taking stock of the fabric of life 


The challenges of mitigating and adapting to 
climate change while achieving food, water, 
energy, and health security, and overcoming 
the unequal burdens of environmental dete- 
rioration and biodiversity loss, all rest on a 
common foundation: living nature. Specif- 
ically, we consider the fabric of life on Earth 
that has been “woven” by natural processes 
over many millions of years and in conjunc- 
tion with people for many thousands of years. 
The vital contributions made by living nature 
to humanity, referred to as nature’s contribu- 
tions to people (4), affect virtually all aspects 
of human existence and contribute to achiev- 
ing all the Sustainable Development Goals 
identified by the United Nations (5, 6). These 
various contributions are now widely recog- 
nized in the scientific literature, but govern- 
mental policies and market transactions typically 
do not reflect their full value (7). 

Human actions are causing the fabric of life 
to unravel, posing serious risks for the quality 
of life of people. Over the past 50 years, the 
capacity of nature to support quality of life has 
declined for 14 of the 18 categories of nature’s 
contributions to people considered by the In- 
tergovernmental Platform on Biodiversity and 
Ecosystem Services (IPBES) (Fig. 1). Nature’s 
capacity to provide beneficial regulation of 
environmental processes—such as modulat- 
ing air and water quality, sequestering carbon, 
building healthy soils, pollinating crops, and 
providing coastal protection from hazards such 
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Nature’s contribution to people 
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Fig. 1. Global trends in the capacity of nature to contribute to good quality of life from 1970 to the 
present. Fourteen of the 18 categories of nature’s contributions to people show a decline. Half of the 


as storms and storm surges—has decreased 
globally, although for some benefits, trends 
vary by region (Fig. 1, third column) (8). For 
the 100 million to 300 million people who live 
in coastal areas below the 100-year flood level 
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18 categories show consistent patterns globally, whereas the other half show declines in some regions and 
gains in others. For example, forest areas and the nature's contributions to people supported by forests 
have generally declined in tropical regions while increasing in some temperate areas over the past 50 years. Data 
supporting global trends and regional variations come from a systematic review of more than 2000 studies (8). 
Indicators were selected on the basis of availability of global data, prior use in assessments, and alignment with 
18 categories. For many categories of nature's contributions, two indicators are included that show different 
aspects of nature's capacity to contribute to human quality of life within that category. Indicators are defined so 
that an increase in the indicator is associated with an improvement in nature's contributions. More details and 
illustrative examples of indicators and references are provided in in table S1. [Modified from (1).] 


(9), the loss of coastal habitats has increased 
the risk of flooding and storm damage. Loss 
of animal pollinators affects more than 75% of 
global food crop types, risking US$235 billion 
to 577 billion of global crop output annually 
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(0). The potential of nature to contribute in 
nonmaterial ways to human quality of life— 
through learning and inspiration, physical 
and psychological experiences, and supporting 
identities and sense of place—has also de- 
clined (Fig. 1). Exceptions to the downward 
trend of nature’s contributions to people come 
from an increase in many of the material 
goods provided by nature, including food, 
energy, timber, and other materials (Fig. 1). 
For example, the harvest of commercial tim- 
ber (11) and fish have both increased by almost 
50% since 1970, and the value of agricultural 
crop production ($2.6 trillion in 2016) has in- 
creased approximately threefold. However, 
even within material contributions, some 
indicators show a strong decline, such as the 
abundance of marine fish stocks (72). In addi- 
tion, the benefits of these increases have not 
been evenly distributed: Although the preva- 
lence (percentage) of undernourishment has 
decreased globally in the past two decades, 
more than 800 million people still face chronic 
food deprivation (11). 

The increase in the global production of 
consumer goods and the decline in almost 
all other contributions are directly related. 
The world is increasingly managed to accel- 
erate the flow of material contributions from 
nature to keep up with rising demand. Since 
1970, global population has doubled (13), per 
capita consumption has increased by 45%, 
the value of global economic activity as mea- 
sured in gross domestic product (GDP) has 
increased by >300% (14), global trade has 
increased by ~900% (15), and the extraction 
of living materials from nature has increased 
by >200% (16). 

The results of this unprecedented appropri- 
ation of nature can now be seen much more 
clearly than even 15 years ago (17), thanks to 
rapid advances in data and tools for obser- 
vation, analysis, synthesis, and modeling of 
marine, freshwater, and especially terrestrial 
nature. These new data reveal that human 
actions have directly altered at least 70% of 
land surface (18, 19); 66% of ocean surface is 
experiencing increasing cumulative impacts 
(20); around 85% of wetland area has been 
lost since the 1700s (21), and 77% of rivers 
longer than 1000 km no longer flow freely 
from source to sea (22). Coastal ecosystems 
show some of the largest and most rapid 
recent declines. Live coral cover on reefs has 
nearly halved in the past 150 years and is 
projected to virtually disappear this century 
unless there is strong climate change miti- 
gation (23). Seagrass extent is decreasing by 
more than 10% per decade, while kelp forests 
have declined in 38% of their biogeographic 
regions (24). 

The biomass of the world’s vegetation (25) 
has halved over human history, and forests now 
span only 68% of their preindustrial extent 
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Fig. 2. Extinction risk and diversity in different taxonomic groups. Approximate number of described 
species of animals, plants, and fungi (bar) and the proportion of species that are threatened with extinction 
(pie charts) in groups that have been globally assessed for the IUCN Red List (54), either comprehensively 


or (for legumes, monocots, ferns and allies, dragonflies, 


and reptiles) through a sampled approach. 


Proportions assume that data deficient species are equally threatened as non-data deficient species. 
The proportions of data deficient species in each group are mammals, 15%; birds, 0.5%; reptiles, 21%; 


amphibians, 23%; bony fishes, 12%; 


sharks and rays, 42%; dragonflies, 35%; cone snails, 14%; crustaceans, 


40%; corals, 17%; ferns, 0.4%; cycads, 1%; conifers, 1.2%; monocots, 12.1%; and legumes, 7.9%. The 


proportions of data deficient species 
21.9%. [Sources: (49, 54, 107-113).] 


(26). Although the rate of forest loss has slowed 
globally since the 1980s, it is still rapid in many 
tropical regions (27), and the increased extent 
of temperate and boreal forests (28) has been 
accompanied by increased fragmentation 
and changes in function [such as carbon 
storage (29)]. 

As a result of human impacts, terrestrial 
ecological communities worldwide are esti- 
mated to have lost more than 20% of their 
original biodiversity on average (30). In the 
ocean, animal populations and habitat extent 
have declined in the 20th century (37), with 
more than 20 described marine species having 
gone extinct (32). The status of marine fish 
populations has worsened globally, with one- 
third of the stocks being currently overfished 
(72). legal, unreported, and unregulated ex- 
ploitation of fisheries undermine the effective- 
ness of stock management measures, especially 
in developing countries, contributing to con- 
flicts (33, 34). Many species that are large, slow- 
growing, habitat specialist, or carnivorous—such 
as large cats (35), large sharks (36), primates 
(37), reef-building corals (38), and woody plants 
(39)—are declining rapidly in, and being lost 
from, many places. On average, large terrestrial 
mammals have been extirpated from 75% of 
their natural ranges (40), while marine mam- 
mals have shown marked declines in abundance 
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in each realm are terrestrial, 10.7%; freshwater, 20.8%; and marine, 


in recent centuries, many to near extinction 
(41, 42). Endemic species have typically seen 
larger-than-average changes to their habitats 
and show faster-than-average population de- 
clines. By contrast, ecological generalists and 
disturbance-adapted species have tended to 
become more abundant, and some have spread 
quickly around the world (43). In 21 countries 
with detailed records, for example, the num- 
bers of invasive alien species have risen by 
an average of 70% since 1970 (44). This combi- 
nation of declining endemic species and the 
spread of already widespread species as humans 
purposefully or unwittingly transport species 
around the world drives “biotic homogeni- 
zation” (45, 46), a convergence of biological 
communities across regions that blurs the 
patterns on life’s rich tapestry. 

The number of species currently threatened 
with extinction is unprecedented in human 
history: an estimated 1 million species of ani- 
mals and plants. This figure is derived from 
assessments for many terrestrial, freshwater, 
and marine vertebrate, invertebrate, and plant 
groups that have applied the International 
Union for the Conservation of Nature (IUCN) 
Red List categories and criteria (the global 
standard for assessing the relative extinction 
risk of each species) (47). On average across 
these groups, ~25% of species are threatened 
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since 1500 (54), as have 571 plant species (39)— 
evidence that human actions have increased the 
global rate of species extinction by at least tens 
to hundreds of times over background rates 
before human intervention (39, 55, 56). 

Domesticated species and varieties are also 
being lost. Fewer varieties of plants and ani- 
mals are being maintained because of changes 
and standardization in farming practices, mar- 
ket preferences, large-scale trade, and loss of 
indigenous and local knowledge. Around 560 
(~10%) of domesticated breeds of mammals 
had gone extinct by 2016, and at least 1000 
more are threatened (57). Many hotspots of 
agrobiodiversity and of crop wild relatives are 
also under threat or lack formal protection 
(58), jeopardizing the pool of genetic varia- 
tion that underpins the long-term resilience 
of agricultural production and food systems 
in the face of environmental change (59). 

Declining trends are also documented in 
a worldwide evaluation of 321 indicators of 
nature important for quality of life developed 
by Indigenous Peoples and local communities. 
Although the decline in nature is lower in 
areas managed by Indigenous Peoples than 
in other lands (60), ~72% of the indicators as- 
sessed show deterioration (57). 

In addition, rapid evolutionary responses to 
human drivers are now seen in all major tax- 
onomic groups (67). This includes the evolu- 
tion of resistance to pesticides and herbicides 
in insects and plants (62), smaller size and 
earlier maturation in marine fishes and in- 
vertebrates subject to fishing and global warm- 
ing (63), changes in freeze tolerance in urban 
plants (64), and phenological shifts in a wide 
range of taxa in response to climate change (65). 


Direct and indirect drivers of change 


The direct causes of changes observed in the 
fabric of life are (in decreasing order of relative 
impact worldwide) land and sea use change, 
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Fig. 3. Examples of global declines in nature that have been and are being caused by direct and 


indirect drivers of change. Each of the direct drivers of changes (land or sea use change; direct exploitation 


of organisms; climate change; pollution, including plastics, heavy metals, and direct effects of elevated 
COz on, for example, terrestrial photosynthesis and seawater pH; and invasive alien species) represents 
the aggregation of many consequences from sectors such as crop production; animal husbandry; fishing; 
logging; hunting; mining for minerals, ores, and fossil fuels; development of cities and infrastructure for 
electricity and transport; and the transport of people and goods itself. The direct drivers result from 


an array of underlying societal causes. These causes can be demographic (for example, human popu 


ation 


dynamics); sociocultural (for example, consumption patterns); economic (for example, trade); technological; 


or relating to institutions, governance, conflicts, and epidemics. These are called indirect drivers and 


are 


underpinned by societal values and behaviors (3, 114). The color bands represent the relative global impact 


of direct drivers on (from top to bottom) terrestrial, freshwater, and marine nature as estimated from a 
global systematic review of studies published since 2005 (51). Land and sea use change and direct 
exploitation account for more than 50% of the global impact on land, in fresh water, and in the sea, but 
each driver is dominant in certain systems or places. The circles illustrate the magnitude of the negative 


human impacts on a diverse selection of aspects of nature over a range of different time scales, selected 
from a global synthesis of indicators; ecosystem extent, extinction risk, and biomass and species abundance 


include terrestrial, freshwater, and marine species and ecosystems, although most is known about life on 
land. Biotic integrity refers to the terrestrial realm only, and nature indicators for Indigenous Peoples and 


local communities are predominately terrestrial. [Reproduced from (1).] 


exploitation of organisms, climate change, 
pollution, and invasive alien species (Fig. 3). 
Within terrestrial and freshwater ecosystems, 
the driver with the highest relative impact is 
land use change, mainly land conversion for 
cultivation, livestock raising, and plantations. 
The main driver in the ocean is direct ex- 
ploitation through biomass extraction (mostly 
fishing). Although climate change is already a 
substantial driver of changes to nature and its 
contributions to people in many places (Fig. 3), 
even causing extinction in some cases [for 
example, (66)], it is not yet globally the most 
important. 

The vast area of the world managed by In- 
digenous Peoples (at least 25 to 28% of land 
surface) (Fig. 4) under various property re- 
gimes is no exception to these trends. Because 
of their large extent, the fact that nature is 
overall better preserved within them (60), and 
because of the diverse stewardship practices 
carried within them around the world (Fig. 4, 
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A to I), the fate of nature in these lands has 
important consequences for wider society 
as well as for local livelihoods, health, and 
knowledge transmission (67). 

Indirect drivers of change—including de- 
mographic, economic, political, and insti- 
tutional arrangements, and underpinned by 
societal values—underlie the observed direct 
drivers (Fig. 3). Indirect drivers interact with 
one another; for example, economic develop- 
ment choices could cause less deterioration in 
the presence of environmental policy, whereas 
the lack of publicly enforced rights could 
undermine resource management and con- 
servation practices by Indigenous Peoples 
and local communities (68). 

Over the past five decades, global socio- 
economic trends have followed highly diver- 
gent pathways for countries with contrasting 
levels of income (Fig. 5) (69). With the dra- 
matic increase in global trade, and more 
generally economic and social globalization, 
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nature is ever more influenced by distant 
consumers (70). Trade has shifted where 
goods are produced and used, contributing 
to new economic opportunities but also gen- 
erating or exacerbating inequities in both 
economic development and environmental 
burdens. The demand for material goods 
is predominantly from higher- and middle- 
income countries, and it is often satisfied 
by production in middle- and lower-income 
countries (Fig. 5, A, B, and C). For example, 
the European Union, the United States, and 
Japan together accounted for ~64% of the 
world imports of fish products in value, where- 
as developing countries accounted for 59% 
of the total volume of traded fish (12). These 
exchanges are often negotiated between actors 
and institutions of unequal power, which af- 
fects the distribution of the benefits and long- 
term social and ecological costs (Fig. 5F). A 
handful of transnational corporations con- 
trol large (>50%) shares of supply chains in 
agriculture, fishing, logging, and mining 
(71, 72), whereas funds channeled through 
tax havens support most illegal, unreported, 
and unregulated fishing (7/7, 73), creating 
governance challenges. Many economic in- 
centives are harmful to nature, including di- 
rect and indirect subsidies to fisheries (74), 
agriculture (including fertilizers and pesti- 
cides) (75), livestock raising, forestry, mining, 
and energy production (including fossil fuels 
and biofuels) (76). However, conservation 
policies (including incentives) could also play 
out unequally. For example, higher-income 
countries might contribute to the financing 
of environmental protection in lower-income 
countries but only to secure global benefits— 
such as the preservation of particular species 
and ecosystems, or carbon storage—whereas 
such policies can sometimes lower welfare 
locally (77, 78). 


Progress toward internationally agreed goals 


In view of the trends summarized above, it is 
not surprising that progress in meeting inter- 
nationally agreed goals has been generally 
poor. Progress toward the 20 “Aichi Targets” 
in the Strategic Plan on Biodiversity 2011-2020 
of the Convention on Biological Diversity has 
been mixed (Fig. 6A). Of the 54 elements 
comprising the 20 targets, good progress has 
been made toward five (9%), moderate prog- 
ress toward 19 (35%), and poor progress or 
movement away from the target for 21 (39%). 
Progress is unknown for nine elements (17%). 
Overall, it is clear that the majority of Aichi 
Targets will not be met. More progress has 
been made in adopting and/or implementing 
policy responses and actions to conserve and 
use nature more sustainably than has been 
achieved in addressing the drivers of bio- 
diversity loss. The strongest progress has been 
toward increasing protected area coverage 
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Fig. 4. Contribution of Indigenous Peoples and local communities to biodiversity. A wide range of 
practices of Indigenous Peoples and local communities maintain and enhance wild and domestic biodiversity. 
(A and B) Domestication and maintenance of locally adapted crop and fruit varieties and animal breeds 
(potatoes, Peru; rider and sheep, Kyrgyzstan) (57). (©) Creation of species-rich habitats and fine-grain 


habitat mosaics (hay meadows, Central Europe) (115). 
in high-diversity agroecosystems (multispecies forest 


(D) Identification of useful plants and their cultivation 
garden, Indonesia) (116). (E and F) Management 


and monitoring of wild species, habitats, and landscapes and (G) restoration of degraded lands (Australia, 
Alaska, and Niger) (116, 117). (H) Prevention of deforestation in recognized Indigenous territories (Amazon 


basin, Brazil) (68). (1) Generation of alternative concepts of relations between 


humanity and nature 


(Northern Australia) (118). (Middle) Worldwide, the area traditionally owned, managed, used, or occupied by 


Indigenous Peoples (red circle), representing ~8 million km? in 87 countries, overlaps with at 


east 35 to 


40% of the area that is formally protected (yellow circle), and a similar proportion of all remaining terrestrial 


areas with very low human intervention (blue circle) [<4 Human Footprint Index (18)] [based on (60)]. 
Circles and intersections are proportional in area. [Modified from (1).] [Photos credits: (A) FAO/Sandro 
Cespoli; (B) FAO/Vyacheslav Oseledko; (C) Daniel Babai; (D) (118); (E) Shutterstock_S. Todd; (F) Vadeve; 
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Negurra-kurlu, the Warlpiri people's understanding of how country contributes to people and vice versa. 


[Painting by Daniel Rockman Jupurrurla, from (119) a 


(Target 11) and developing national biodi- 
versity strategy and action plans (Target 17). 
However, although protected areas now cover 
14.9% of terrestrial and freshwater environ- 
ments and 7.44% of the marine realm, they 
only partly cover areas of importance for 
biodiversity and are not yet fully ecologically 
representative, well-connected, and effectively 
and equitably managed. Although some spe- 
cies have been brought back from the brink 
of extinction (contributing toward Target 12 
on preventing extinctions), the species in tax- 
onomic groups with quantified trends are 
moving toward extinction at an increasing 
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rate, meaning that this Target will not be met. 
Few data are available to quantify what the 
trends would have been in the absence of 
conservation action and policy responses to 
the Aichi Targets, although species’ extinc- 
tion risk trends would have been worse (79), 
and many island ecosystems that are recover- 
ing after eradications of invasive mammals 
would not have done so (80). 

Nature and its contributions to people were 
found to underpin the achievement of all 
the United Nations Sustainable Development 
Goals (SDGs), either directly for goals on 
water, climate, oceans, and biodiversity (SDGs 


r 2019 


6, 13, 14, and 15, respectively) or through more 
complex interactions for goals on poverty, 
hunger, health, cities, education, gender equal- 
ity, reduced inequalities, and peace (SDGs 1, 2, 
3, 4, 5, 10, 11, and 16, respectively). For SDGs on 
energy, economic growth, industry and infra- 
structure, and consumption and production 
(SDGs 7, 8, 9, and 12, respectively), important 
feedbacks between these goals and nature and 
its contributions to people were found with 
consequences for the achievement of all SDGs. 
Declines in nature and its contributions 
to people therefore compromise our ability to 
meet the SDGs. At the target level, progress to 
35 SDG targets that could be quantitatively 
assessed—on poverty, hunger, health, water, 
cities, climate, and biodiversity (SDGs 1, 2, 3, 
6, 11, 13, 14, and 15 , respectively)—are being 
undermined by current trends in aspects of 
nature and its contributions to people relevant 
to these targets (Fig. 6B). However, current 
goal and target articulation omit or obscure the 
links to nature, preventing an assessment of 
other targets under these goals as well as tar- 
gets in other goals linked to education, gender 
equality, reduced inequalities, and peace. 


Possible futures 


We comprehensively reviewed both explor- 
atory and target-seeking scenarios (87) of 
future change in direct and indirect drivers. 
These scenarios resulted in starkly different 
impacts on nature and its contributions to 
people and, in combination, enabled synthetic 
conclusions about the need for transforma- 
tive change. We considered a wide range of 
exploratory scenarios on the basis of future 
plausible changes in direct and indirect drivers. 
A subset of the scenarios was based on Shared 
Socioeconomic Pathway (SSP) scenarios and 
Representative greenhouse gas Concentration 
Pathways (RCPs) developed in support of 
Intergovernmental Panel on Climate Change 
assessments (82). These combined scenarios 
ranged from “Global sustainability” [combin- 
ing proactive environmental policy and sus- 
tainable production and consumption with 
low greenhouse gas emissions (SSP1 and 
RCP2.6)] to “Regional competition” [combin- 
ing strong trade and other barriers and a 
growing gap between rich and poor with high 
emissions (SSP3 and RCP6.0)] to “Economic 
optimism” [combining rapid economic growth 
and low environmental regulation with very 
high greenhouse emissions (SSP5 and RCP8.5)]. 
Scenarios of a world with increased regional 
political and trade barriers tend to result in 
the greatest divergence across regions, sce- 
narios that emphasize liberal financial mar- 
kets result in intermediate levels of disparity, 
whereas scenarios that integrate actions toward 
sustainable development result in more mod- 
est differences between regions (83). Under 
business-as-usual future scenarios—meaning 
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Fig. 5. Development pathways since 1970 have featured unequal impacts on people and nature 
across countries. (A, B, and C) Increased trade between countries has shifted the tradeoffs between 
environmental and other goals, with the footprints of increasing consumption in higher-income countries 
being exported to both middle-income and lower-income countries, who increased extraction of living 
materials. (D) Protection of key biodiversity areas has been highest in high-income countries, although 
international financing supported the protection of global public goods in low-income countries, which 
(E) have experienced much higher local air pollution given less support for local regulation and (F) not 
only the lowest increases in GDP but also the largest declines in some elements of nature. Countries are 
classified according to World Bank income categories. Data sources are (A) and (E), www.data.worldbank.org; 
(B) and (C), www.materialflows.net; (D), www.keybiodiversityareas.org and www.protectedplanet.net; and 
(F), www.data.worldbank.org and (30). [Modified from (1) and (69)] 


that drivers of change do not deviate from 
the current socioeconomic and governance 
trajectory—nature in terrestrial, freshwater, 
and marine realms and most of its contri- 
butions to people will continue to decline 
sharply. Recent modeling of natural regu- 
lation of water quality, reduction of coastal 
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risk, and crop pollination worldwide (84) 
found convergent conclusions. 

Direct drivers of change that have predo- 
minated in the past 50 years (Fig. 3) will con- 
tinue to play an important role (19, 83, 85), with 
climate change increasingly driving further 
biodiversity and ecosystem decline (19, 83, 86). 
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These projections come with important uncer- 
tainties as to the degree of change or to the 
geographical differentiation of the impacts, 
depending on the underlying socioeconomic 
scenario. Given the interconnectedness of the 
world regions, future scenarios need to better 
address the impacts of telecouplings [socio- 
economic and environmental interactions over 
distances (70)], such as trade, foreign direct 
investment, migrations, biological invasions, 
and pollutant flows (87). Projections also omit 
interconnections among species, which may 
cause domino effects that amplify the loss of 
diversity (88). 

A different picture emerges from “target- 
seeking” scenarios (87), which start with a 
desirable target set in the future and then eval- 
uate different pathways allowing to achieve it, 
including the innovations and policy interven- 
tions that are needed to reach such a target. 
Our analysis suggests that it is possible to 
achieve many of the global biodiversity targets 
and sustainability goals related to food, energy, 
climate, and water at local and global scales. 
The complexity of the challenges calls for an 
integrative (nexus) approach (89) that simulta- 
neously examines interactions among multiple 
sectors along with synergies and tradeoffs 
among goals. An example of a key nexus are 
the simultaneous needs to mitigate climate 
change, arrest biodiversity loss, and ensure 
that all people have adequate nutrition on 
one hand, and the potentially negative con- 
sequences of large-scale land-based climate 
change mitigation on the other. Even moder- 
ate warming will likely be detrimental for 
biodiversity (90) and associated benefits to 
people (97). However, most scenarios projected 
to limit warming to 1.5°C or 2°C by the end of 
the 21st century rely on large-scale mitigation 
measures on land, in the form of bioenergy 
crops, reforestation, and/or afforestation, neg- 
atively affecting biodiversity and also food 
production and water demand (19, 92). At the 
same time, expanding the amount of land 
devoted to agriculture to ensure that all people 
have adequate nutrition would negatively af- 
fect biodiversity as well (93) and would further 
exacerbate climate change (19, 92). Both land- 
based climate change mitigation and agricul- 
tural expansion, when deployed at the large 
scale, can undermine local livelihoods, create 
access problems, and intensify social conflict 
(94). A suite of possible actions could be ef- 
fective in navigating these tradeoffs (19, 95)— 
for example, focusing on regeneration and 
restoration of high-carbon ecosystems (as 
well as reducing waste and overconsump- 
tion) rather than massive bioenergy mono- 
culture plantations—to achieve climate change 
mitigation (19, 96, 97). Similarly, the increasing 
demands for food could be met without ex- 
panding agriculture’s footprint by sustainably 
increasing yields, changing dietary choices, and 
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Fig. 6. Summary of progress toward major inter- 
nationally agreed goals. (A) Progress toward the 
Aichi Biodiversity Targets contained in the Strategic 
Plan on Biodiversity 2011-2020 of the Convention on 
Biological Diversity. (B) Recent status of, and trends 
in, aspects of nature and nature's contributions to 
people that support progress toward achieving 
selected targets of the Sustainable Development Goals 
adopted through the United Nations in 2015. Scores 
in (A) for each of the 54 elements of the 20 targets 
are based on quantitative analysis of indicators, a 
systematic review of the literature, fifth National 
Reports to the Convention on Biological Diversity, and 
available information on countries’ stated intentions 
to implement additional actions by 2020. Progress 
toward target elements is scored as “Good” (sub- 
stantial positive trends at a global scale relating to 
most aspects of the element), “Moderate” (the overall 
global trend is positive but insubstantial or insufficient, 
or there may be substantial positive trends for some 
aspects of the element but little or no progress for 
others, or the trends are positive in some geographic 
regions but not in others), “Poor” (little or no progress 
toward the element or movement away from it; 


although there may be loca 
successes and positive tren 


overall global trend shows li 


, national, or case-specific 
ds for some aspects, the 
ttle or negative progress), 


or “Unknown” (insufficient information to score 
progress). In (B), selected targets are those for which 
current evidence and target wording enable assess- 
ment of the consequences for target achievement of 
trends in nature and nature's contribution to people. 
Scores for targets are based on systematic assess- 
ments of the literature and quantitative analysis of 
indicators where possible (5). “Poor/Negative” indi- 
cates poor status or substantial negative trends at a 
global scale; “Mixed” indicates the overall global status 
and trends are good or positive but insubstantial or 
insufficient, or there may be substantial positive 
trends for some relevant aspects but negative trends 
for others, or the trends are positive in some 
geographic regions but negative in others; “Unknown 
indicates insufficient information to score the status 
and trends. An additional two targets under Goal 1 and 
two targets under Goal 3 were found to have evidence- 
based links to nature; however, because of the 
uncertain and complex relationships between nature 
and the target, they could not be assessed. [Data 
redrawn from (1) and (5).] 


reducing waste, among other measures 
(19, 98, 99). 

More generally, solutions are needed that 
simultaneously address a nexus of relevant 
goals, such as feeding humanity, resourcing 
growing cities, mitigating climate change, 
protecting nature on land and at sea, main- 
taining freshwater, and ensuring animal wel- 
fare (Fig. 7). The futures that successfully 
address this suite of sustainability goals re- 
quire rapid transition toward clean energy, a 
continued ramping up of biological conser- 
vation, large-scale restoration of degraded 
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ecosystems, and transformation of supply 
chains to reduce resource extraction and 
environmental impacts. However, such com- 
prehensive changes to direct drivers also re- 
quire reform of indirect drivers, including 
innovations in economic and political struc- 
tures and societal norms. 


Levers and leverage points for 
transformative change 


Our assessment—the most comprehensive car- 
ried out to date, including the nexus analysis 
of scenarios and an expert input process with 


13 December 2019 


literature reviews—revealed clearly that re- 
versing nature’s ongoing decline (100) while 
also addressing inequality will require trans- 
formative change, namely a fundamental, 
system-wide reorganization across techno- 
logical, economic, and social factors, making 
sustainability the norm rather than the altru- 
istic exception. Achieving such a transformation 
for the broader current and future public good 
will have to overcome resistance from vested 
interests, including some powerful actors (107). 
One important avenue to transformation is the 
improved implementation and enforcement 
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Fig. 7. Enabling transformative change. Collaborative implementation of priority interventions (levers) 
targeting key points of intervention (leverage points representing major indirect drivers) could enable 
transformative change from current trends toward more sustainable ones. Effectively addressing these levers 
and leverage points requires innovative governance approaches and organizing the process around nexuses, 
representing closely interdependent and complementary goals (1, 94). [Modified from (1).] 


of existing environmental policies and regu- 
lations and the removal and reform of harm- 
ful policies, such as subsidies for energy use 
or resource harvest (102). Another important 
step involves reforming global financial and 
economic systems, steering away from the 
current limited paradigm of economic growth 
to reward sustainability and penalize actions, 
resulting in the deterioration of the fabric of 
life (103, 104). Such transformative change 
can be enabled, strengthened, and accelerated 
with the collaborative application of priority 
interventions (levers) to key points of inter- 
vention (leverage points) through innovative 
governance approaches (Fig. 7). 

A comprehensive set of five levers (95) for 
this transformative change emerged from our 
unprecedentedly broad and rigorous analysis 
of the many possible levers that have been 
proposed previously: (i) developing incentives 
and widespread capacity for environmental 
responsibility and eliminating perverse incen- 
tives; (ii) reforming sectoral and segmented 
decision-making to promote integration across 
sectors and jurisdictions; (iii) taking preemptive 
and precautionary actions in regulatory and 
management institutions and businesses to 
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avoid, mitigate, and remedy the deterioration 
of nature, and monitoring their outcomes; 
(iv) managing for resilient social and ecological 
systems in the face of uncertainty and com- 
plexity to deliver decisions that are robust in a 
wide range of scenarios; and (v) strengthen- 
ing environmental laws and policies and their 
implementation, and the rule of law more 
generally. 

The scenarios analysis and expert-input pro- 
cess further found that efforts focused on 
the following eight leverage points yield dis- 
proportionately large effects: (i) enabling vi- 
sions of a good quality of life that do not 
entail ever-increasing material consumption; 
(ii) lowering total consumption and waste, 
including by addressing both population 
growth and per capita consumption differ- 
ently in different contexts; (iii) unleashing 
existing, widely held values of responsibil- 
ity to effect new social norms for sustain- 
ability, especially by extending notions of 
responsibility to include the impacts asso- 
ciated with consumption; (iv) addressing in- 
equalities, especially regarding income and 
gender, that undermine the capacity for sus- 
tainability; (v) ensuring inclusive decision- 
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making and the fair and equitable sharing of 
benefits arising from the use of and adherence 
to human rights in conservation decisions; 
(vi) accounting for nature’s deterioration from 
both local economic activities and telecouplings 
(70), including, for example, international 
trade; (vii) ensuring environmentally friendly 
technological and social innovation, taking 
into account potential rebound effects and 
investment regimes; and (viii) promoting 
education, knowledge generation, and the 
maintenance of different knowledge systems, 
including in the sciences and indigenous and 
local knowledge, especially regarding nature, 
conservation, and nature’s sustainable use. 
Although change at some of these levers and 
leverage points may encounter resistance indi- 
vidually, action at other levers and leverage 
points can enable such changes. 

The review also revealed that innovative 
governance approaches that are integrative, 
inclusive, informed, and adaptive (105, 106) 
are needed to effectively apply these levers to 
leverage points. Integrative approaches focus 
on the relationships between sectors and poli- 
cies and ensure policy coherence and effec- 
tiveness, and inclusive approaches, including 
rights-based ones, reflect a plurality of values 
and thus promote equity. Informed govern- 
ance entails new strategies for knowledge 
production and coproduction that are inclu- 
sive of diverse values and knowledge systems. 
Last, adaptive approaches—including learning, 
monitoring and feedback loops—help coping 
with inevitable uncertainties and complexities. 


Conclusions and outlook 


The most comprehensive global review to date 
of the interrelationship between people and 
nature makes it evident that the challenges 
posed by biodiversity loss, climate change, and 
achieving a good quality of life for all are deep- 
ly interconnected and need to be addressed in 
an integrative manner—and urgently—from local 
to global levels. Maintaining a life-sustaining and 
life-fulfilling planet for humans and other spe- 
cies are thus one and the same challenge—a 
challenge that cannot be met by business as 
usual. However, a rich array of approaches and 
instruments are available that can, together, 
achieve sustainability. The transformations in 
economies, politics, and social systems that will 
be needed in order to deploy these changes in 
time and at scale can be triggered by a series of 
targeted interventions, especially at key points 
of leverage in indirect drivers. In this way, it is 
still possible to achieve a full suite of goals as- 
sociated with feeding and resourcing humanity 
while maintaining and restoring the fabric of 
life that supports us all. 
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Realizing the potential of digital development: 
The case of agricultural advice 


Raissa Fabregas, Michael Kremer, Frank Schilbach* 


BACKGROUND: Sustainably raising agricultural 
productivity for the 2 billion people living 
in smallholder farming households in the 
developing world is critical for reducing world 
poverty and meeting rising food demand in 
the face of climate change. Nevertheless, most 
smallholder farmers have no access to science- 
based agricultural advice. The widespread 
adoption of basic mobile phone technology 
presents opportunities to improve upon exist- 
ing in-person agricultural extension efforts 
that are expensive and fraught with account- 
ability problems. 


ADVANCES: Meta-analyses suggest that the trans- 
mission of agricultural information through 
mobile technologies in sub-Saharan Africa and 
India increased yields by 4% and the odds of 
adoption of recommended agrochemical inputs 
by 22%. The delivery of market information can 
have additional system-wide impacts, reducing 
price dispersion and lowering transaction 
costs. Given the low and rapidly declining 


cost of information transmission, benefits 
likely exceed costs by an order of magnitude. 
Even basic phones and inexpensive text and 
voice messages can influence farmer behavior. 
Smartphones with GPS systems create the 
potential for larger gains through the trans- 
mission of more sophisticated media, such as 
videos, and for locally customized informa- 
tion on soil characteristics, weather, and pest 
outbreaks, delivered at the appropriate time 
during the agricultural season. 

Messages could be customized on the basis 
of farmer characteristics, such as education or 
financial circumstances. Experimentation, ma- 
chine learning, and two-way communication 
with and between farmers could facilitate im- 
provements of information and other services 
over time. Advances from behavioral science 
can improve information transmission and 
address behavioral barriers to the adoption 
of improved agricultural techniques. Mobile 
phone-based systems could increase the pro- 
ductivity and accountability of in-person ex- 


Mobile phones can benefit farmers in low- and middle-income countries by improving access to 
agricultural advice and market price information. Mobile technologies, particularly smartphones, have the 
potential to bring sophisticated science-based agricultural advice to smallholder farmers to improve 
productivity, especially under rapidly changing economic and environmental conditions. However, market 
failures likely preclude efficient scaling of valuable digital advice applications. 
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tension agents and enhance supply chain 
functionality. Realizing the potential of digital 
agriculture will require an interdisciplinary 
effort to develop and rigorously test a variety 
of approaches, incorporating insights from 
behavioral science, agriculture, economics, 
and data science. 


OUTLOOK: Multiple market failures associated 
with information markets limit the ability 
of mobile phone-based extension systems 
to reach socially efficient scale through purely 
commercial financing. Because the marginal 
costs of disseminating information are close 

to zero, the optimal scale 
of such systems is very 
Read the full article large. However, fixed sys- 
at http://dx.doi. tem development costs 
org/10.1126/ still must be covered. Mul- 
science.aay3038 tiple organizations have 
srceiuaciaies heeaetencuns ihigiuced diwali 
cultural extension systems with financial 
models based on selling subscriptions to indi- 
vidual farmers, but such systems have been 
able to reach only a small fraction of farmers 
in the developing world. Farmer payments 
may be insufficient to cover the fixed costs, 
because information is difficult to exclude 
from nonpurchasers and because it is chal- 
lenging for farmers to verify the quality of the 
information. Existing evidence suggests sub- 
stantial gaps between farmers’ willingness 
to pay for information and its social value. 
Advertising or agrochemical input sales could 
be used to finance information provision, but 
this approach could incentivize providers to 
distort information content in the absence of 
strong reputational costs of misinformation 
or appropriate regulation. 

Public financing could cover fixed costs 
and enable scale-up. Although agriculture 
ministries often deliver messages in ways 
that farmers find difficult to understand and 
use, recent examples suggest that if feedback 
mechanisms are in place, governments can 
improve their services over time. Models that 
incentivize farmers to share their experiences 
create scope for customization and efficiency 
gains as systems grow, because this data may 
be used to improve recommendations for other 
farmers. If successful, digital agricultural ad- 
visory systems could supply a model for dig- 
ital development more broadly. = 
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Realizing the potential of digital development: 
The case of agricultural advice 


Raissa Fabregas’, Michael Kremer’, Frank Schilbach** 


The rapid spread of mobile phones creates potential for sustainably raising agricultural productivity for 
the 2 billion people living in smallholder farming households. Meta-analyses suggest that providing 
agricultural information via digital technologies increased yields by 4% and the odds of adopting 
recommended inputs by 22%. Benefits likely exceed the cost of information transmission by an order of 
magnitude. The spread of GPS-enabled smartphones could increase these benefits by enabling 
customized information, thus incentivizing farmers to contribute information to the system. Well-known 
distortions in markets for information limit the ability of such systems to reach the socially efficient 
scale through purely commercial means. There is a clear role for public support for digital agricultural 
extension, but messages designed by agricultural ministries are often difficult for farmers to understand 
and use. Realizing the potential of mobile communication systems requires feedback mechanisms to 


enable rigorous testing and continuous improvement. 


obile phones have penetrated the de- 

veloping world to a greater extent than 

most other technologies (Fig. 1). More 

than three of four people in low- and 

middle-income countries (LMICs) own 
a phone. Approximately one in three people 
have internet access, and access is expected 
to increase markedly as smartphone costs 
decline (1). 

The spread of phones presents opportu- 
nities for digital development by reducing 
information acquisition costs, allowing cus- 
tomization of information, and enabling mon- 
itoring and accountability in public services 
(1-3). Digital technologies have been deployed 
in a range of sectors—including finance, edu- 
cation, health, and civic participation—to im- 
prove development outcomes (J, 4, 5). 

The proliferation of phones may also carry 
risks, such as the potential to exacerbate vio- 
lent conflict (6), enable state surveillance and 
propaganda (7), accelerate the spread of fake 
news via social media, or further widen in- 
equality because of uneven access to digital 
technologies (8, 9). Finance and governance 
systems will affect the sustainability, scale, 
equitable reach, and effective design and im- 
plementation of these systems. 

We review the evidence on “digital agricul- 
ture.” With current technologies, impacts on 
farming practices and yields are modest in 
absolute terms but large relative to the cost 
of information delivery. The spread of GPS- 
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enabled smartphones will create opportuni- 
ties for customization and two-way commu- 
nication, but an interdisciplinary effort will 
be required to experiment with different ap- 
proaches and rigorously measure impact. Dis- 
tortions in the markets for information limit 
the ability of systems to reach the socially ef- 
ficient scale through purely commercial means, 
such that scaling programs beyond their cur- 
rent modest levels will likely involve an active 
public-sector role. 


Traditional agricultural extension 


Raising agricultural productivity is critical to 
reducing poverty and satisfying the growing 
global food demand (10) in the face of envi- 
ronmental stress and climate change. Improved 
access to agricultural information and target- 
ing of agricultural inputs can raise agricultural 
productivity and reduce negative environmen- 
tal footprints (11, 12). 

Nevertheless, most smallholder farmers lack 
access to science-based agricultural advice. Al- 
though ~400,000 agricultural extension agents 
(13) are employed by governments in LMICs, 
the ratio of farmers to extension workers ex- 
ceeds 1000 to 1 in many countries (/4). Trans- 
port budgets are often meager, and training, 
management, and accountability of extension 
workers are inadequate. In India, only 6% of 
farmers report having received any advice 
from an extension agent in the past year, and 
70% of farmers distrust extension worker rec- 
ommendations (/5). 

More generally, there is limited evidence of 
extension services’ impact or cost effective- 
ness (13, 16). Extension workers have been 
found to favor their own social networks 
(17) and neglect the most vulnerable farmers 
(8, 19) and women (20, 27). 
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Digital agriculture: Potential and challenges 
There is good reason to believe that emerging 
digital technologies can improve the func- 
tioning of agriculture markets at a very low cost 
per farmer. Establishing initial mobile phone 
coverage involves fixed costs, but the marginal 
cost of phone communication in rural areas is 
close to zero because cell phone towers typ- 
ically operate below capacity. Cellular phone 
companies charge prices well above marginal 
cost, but they are often highly regulated, and 
governments could negotiate access at prices 
with lower markups. 

Mobile phones, particularly GPS-enabled 
smartphones, facilitate the provision of tail- 
ored information. Recommendations for 
agrochemical inputs that address specific 
soil conditions on the basis of digital maps 
can improve yields while reducing environ- 
mentally harmful and wasteful use (22-24). 
Messages can target specific areas with re- 
ported pest outbreaks or be customized to 
other local conditions such as market prices. 
Farmers can tailor their investment decisions 
to expected weather patterns and benefit 
from improvements in weather forecasting 
(25, 26). Customized information allows farm- 
ers to choose language, dialect, or literacy 
levels. Mobile technologies can also provide 
reminders and other nudges to address be- 
havioral biases (27). 

Running these systems at scale allows for 
testing variations to establish the most effec- 
tive approaches (A/B testing) and feedback 
loops to improve accuracy and effectiveness 
of messages over time. Images taken from 
satellites can provide rich data about crop 
growth and, when linked with Geographic 
Information System (GIS) on plot boundaries, 
can improve measurements of productivity at 
scale and allow for ongoing experimentation 
(28, 29). Mobile phones facilitate two-way 
communication, whereby farmers can ask 
questions and request information. Such 
platforms can also provide opportunities 
for networking and information exchange 
among farmers. Information from farmers 
using the system can further improve future 
recommendations for all users. 

As smartphone use continues to expand, 
farmers will increasingly have the means to 
watch videos demonstrating new agricultural 
techniques or take pictures of pests affecting 
their crops and either request automatic iden- 
tification and recommendations or raise ques- 
tions with agronomists (30). Smartphones may 
also provide farmers access to interventions 
and apps that can enhance psychological well- 
being (31). Increased aspirations, grit, and 
improved mental health may boost farmer 
income by increasing investment and facil- 
itating learning among farmers (32-34). 

Mobile phones may create opportunities to 
complement and strengthen existing in-person 
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Fig. 1. The spread of mobile phones in LMICs. (A) Growth of mobile phone subscriptions relative to other services in LMICs. “Improved sanitation” denotes the 
percentage of people using basic sanitation services, at minimum [data from (1) and World Development Indicators: https://datacatalog.worldbank.org/dataset/ 
world-development-indicators]. (B) Mobile phone penetration, as determined by the percentage of adults who report owning any mobile phone and those who own a 
smartphone [data from Pew Global Attitudes Survey, Spring 2017: www.pewresearch.org/global/dataset/spring-2017-survey-data/. 


agricultural extension efforts. Many agricul- 
tural extension workers already have smart- 
phones and thus could download information 
on pests, flooding, or other problems arising in 
their region, as well as information needed to 
respond to farmer queries. Automatic notifica- 
tions can allow extension agents to alert farm- 
ers in their region when they are visiting 
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demonstration plots or conducting training 
sessions. Mobile phones could also be used 
to improve accountability among extension 
workers—for example, by allowing extension 
workers and their supervisors to set goals and 
track performance, enabling automatic collection 
of feedback from farmers, or tracking wheth- 
er extension agents actually visit farmers. 


13 December 2019 


Finally, digital agricultural services can im- 
prove the functioning of agricultural supply 
chains. For example, these services could make 
it easier for farmers to check and compare 
input or output prices, potentially lowering 
markups; notify farmers whether inputs are 
in stock with particular dealers; and facilitate 
coordination among farmers in an area and 
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Country Organization Season 


Kenya KALRO Short rains 2015 
Kenya PAD/IPA Short rains 2016 
Kenya PAD/IPA Long rains 2017 
Kenya OAF Short rains 2016 
Kenya OAF Short rains 2017 
Rwanda OAF Main season 2017 
Overall 


1 1.22 


OR (95% Cl) Weight 


0.90 (0.54, 1.52) 2.01 


1.16 (0.87, 1.56) 5.92 


1.38 (1.12, 1.69) 10.76 
1.39 (1.14, 1.71) 10.91 
1.15 (1.09, 1.22) 43.46 
1.24 (1.12, 1.38) 26.92 
1.22 (1.13, 1.31) 100.00 


Fig. 2. Effects of text messages on acquisition of recommended inputs. Meta-analysis of the effects of text messages on following advice for purchasing 
agricultural lime, as measured by administrative data. Kenya Agriculture and Livestock Research Organization (KALRO), Precision Agriculture for Development and 
Innovations for Poverty Action (PAD/IPA), and One Acre Fund (OAF) implemented the programs. The effects are measured in odds ratios (OR). The OR is the 
ratio of the odds of following recommendations in the treatment group divided by the odds in the control group. The odds refer to the probability of following the 
advice over the probability of not following the advice. Weights are from a random effects analysis [data adapted from (47)]. 


with traders. Firms could use projections of 
harvest quality to inform lending decisions 
(35). Satellite-based yield assessment could be 
used to inform social insurance programs 
that provide support for farmers in response 
to weather or pest disasters. 

However, despite the potential of digital agri- 
culture advisory services, reasons for skepticism 
remain. Overcoming informational constraints 
may not result in substantially increased agri- 
cultural productivity, given the existence of 
other barriers such as credit constraints, input 
shortages at local markets, and missing insur- 
ance markets and infrastructure (12). Even to 
the extent that informational barriers are im- 
portant, mobile phone messages may not 
overcome them: Some farmers ignore messages, 
especially from unknown sources, because phone 
spam is common in many LMICs. Some farmers 
are illiterate and have difficulty using voice 
menus. Senders may design obscure and con- 
fusing messages or may provide messages 
designed to target objectives at odds with 
farmer interests, such as messages aimed at 
increasing sales of inappropriate agricultural 
inputs. Certain kinds of information may be 
too complicated to convey by text or voice; 
effective communication may require pictures 
or video. Smartphones are thus required to 
receive these messages, but few smallholder 
farmers currently have access to this technol- 
ogy in the poorest countries. Finally, farmers 
may begin to ignore reminders or nudges if 
they are repeated too often, or they may be 
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annoyed by unwanted spam messages or feel 
patronized by reminders and exhortations 
(36). Taken together, such issues could lead 
to reduced trust in the messaging system. 

Realizing the potential of customization and 
two-way communication in LMICs carries par- 
ticular challenges. Customization requires in- 
formation about a farm’s location, which is 
difficult to collect remotely unless farmers 
have GPS-enabled smartphones, because in 
many countries there is a lack of precisely- 
defined physical addresses (37), area names 
are often ambiguous, and user text entry is 
error prone (38). Gathering agricultural data 
from farmers is challenging because response 
rates to phone surveys are typically low; farm- 
ers may be hesitant to provide accurate infor- 
mation; and some information, such as exact 
yields, can be difficult to quantify. 


Impacts of digital agriculture: 
Empirical evidence 


Earlier reviews of the impacts of digital agri- 
cultural extension report mixed results and 
considerable context dependence (39-43). How- 
ever, sufficient evidence is now emerging to 
begin quantitatively assessing the farmer-level 
impact of digital agricultural extension by 
meta-analysis. 


Impacts on individual farmers 


Several experimental studies have found that 
mobile phone-based programs increase farm- 
er knowledge and self-reported adoption or 
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planned adoption of recommended agricul- 
tural inputs and practices (44-46). Each of these 
outcome variables has limitations. Knowledge 
may or may not translate into behavior change. 
Relying on self-reported data on the use of 
inputs may lead to overestimation of impact. 
For example, farmers who receive messages 
advocating certain behavior may over-report 
this behavior because of social desirability bias. 
Indeed, a recent meta-analysis of four trials in 
Kenya found that the measured impact of 
mobile phone messages using self-reported 
data exceeded the impacts based on admin- 
istrative data (47). 

To alleviate such concerns, administrative 
data on input purchases from agricultural 
suppliers or redemption of discount coupons 
were used to measure farmer behavior in six 
experimental evaluations of text messaging 
programs that encouraged farmers in East 
Africa to use locally appropriate inputs (47). 
Figure 2 depicts the results from a meta- 
analysis of these studies, which found that the 
odds ratio for following the recommendation 
to purchase agricultural lime, an input to 
reduce soil acidity, is 1.22 [95% confidence 
interval (CI): 1.13 to 1.31]. For context, the 
proportion of people acquiring recommended 
inputs in each of the control groups ranged 
from 0.03 to 0.32. 

Some of the individual experiments had 
statistically significant impacts and others 
did not. However, we cannot reject the hy- 
pothesis that the effects were the same across 
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Trial Country Crop 
Delivered directly to farmers 

Casaburi et al. (2019), Trial1 Kenya Sugarcane 
Casaburi et al. (2019), Trial2 Kenya Sugarcane 
Cole and Fernando (2018) India Cotton 
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Van Campenhout et al. (2018) Uganda Maize 
Van Campenhout et al. (2017) Uganda Rice 

Arounaa et al. (2019) Nigeria Rice 
Udry (2019) Ghana 


Subtotal 


Overall 


Maize, legumes 


ES (95% Cl) Weight 


0.08 (0.01, 0.15) 14.70 
-0.01 (-0.05, 0.03) 20.73 
0.06 (-0.03,0.15) 11.59 


0.04 (-0.03, 0.10) 47.03 


0.10 (0.00, 0.19) 10.90 
-0.11 (-0.33, 0.11) 3,03 

0.09 (0.03, 0.15) 16.80 
-0.00 (-0.04, 0.04) 22.25 
0.04 (-0.03, 0.11) 52.97 


0.04 (-0.00, 0.08) 100.00 


Fig. 3. Effects of digital agriculture programs on yields. Meta-analysis of effects of digital technologies on crop yields drawn from six studies that report yields 
[data from (46, 48-52)]. For the study by Udry (52), the outcome variable is harvest value. The upper portion of the figure shows the impact of mobile-based 
programs delivered directly to farmers. The lower portion shows the impact of digital programs with an in-person component. Weights are from a random effects 


analysis. ES, effect size as a percentage increase. 


contexts and that the estimated effects dif- 
fered only because of sampling variation, 
which suggests that we need to be cautious 
in claims regarding heterogeneous treatment 
effects and, in particular, in interpreting the 
sources of differences in estimated effects 
across studies. Combining these estimates 
with agricultural trial data on the impact on 
yields of treating soil with lime suggests that 
farm profits increased by one to two orders 
of magnitude beyond the marginal cost of 
sending the messages. Similar estimates were 
found for fertilizer purchases (47). 

Figure 3 reports on a complementary meta- 
analysis measuring the impact of experimen- 
tally evaluated digital agricultural extension 
interventions on farm yields or harvest value 
(unfortunately we do not have sufficient data 
on farm costs to estimate impacts on profits). 
This analysis encompasses four trials of mes- 
sages delivered purely through mobile phones: 
two text message interventions with sugarcane 
farmers in Kenya (48) and two season mea- 
sures for an interactive voice response (IVR) 
intervention with cotton farmers in India (46). 
It also includes four studies with an in-person 
component: two video interventions with maize 
and rice farmers in Uganda implemented via 
in-person visits (49, 50), a program providing 
customized information on rice cultivation to 
Nigerian farmers offered through extension 
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workers (51), and a program in Ghana de- 
livered by community extension workers who 
relied on a mobile software application (52). 

Several statistical approaches indicate that 
digitally delivered advice to farmers increases 
yields by ~4% (see supplementary materials). 
Notably, the impacts are not larger for services 
that include more costly in-person compo- 
nents. On average, the value of increased 
output greatly exceeds the marginal cost of 
delivery via mobile phones, such that policy- 
makers would invest in mobile-based programs 
unless they are highly risk-averse. 

Several factors suggest that the true returns 
to investment in digital agricultural extension 
may be higher than these numbers suggest. 
First, farmers who receive information via dig- 
ital agricultural extension sometimes transmit 
it to other farmers, thus creating additional 
benefits (46, 47). Second, to the extent that 
impacts vary across contexts and policy-makers 
have data to assess impact in their own context, 
there is value in testing such systems, assessing 
their effects, and adjusting policy accordingly. 
Unsuccessful programs can be abandoned and 
successful ones scaled up. Finally, impacts are 
likely to improve over time as farmers learn to 
use the systems, program operators improve 
message content and delivery through A/B 
trials, and smartphone use spreads, enabling 
digital extension services to incorporate more 
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advanced technology, such as video, and bet- 
ter customization to local conditions. Video- 
based interventions and a gamified app have 
also been found to improve knowledge and 
farmers’ practices (30, 50, 53, 54). 

As noted, traditional in-person agricultural 
extension has been found to favor certain 
groups. It seems likely that digital extension 
will also favor men, as well as richer, younger, 
and more educated farmers with better digital 
access. However, current data are inconclusive, 
and it is possible that biases will be less se- 
vere than with in-person extension. Cole and 
Fernando (46) report suggestive evidence that 
richer farmers were modestly more engaged 
in the service they studied and were more 
likely to adopt recommended practices. In con- 
trast, Fabregas et al. (47) found little evidence of 
heterogeneous impact in their meta-analysis, 
although the underlying studies did not include 
farmers without phones. 


Market- or system-level impacts 


Beyond individual-level effects, digital tech- 
nologies can also affect farmers by altering 
entire markets or systems. In particular, im- 
proved access to price information can enable 
farmers to sell their products in markets with 
higher prices and reduce price dispersion 
across markets. By reducing waste of perish- 
able goods and the need for middlemen, 
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Fig. 4. Farmer valuation curve and usage under a subscription model. Given the downward-sloping valuation (or demand) curve, P* is the profit-maximizing 

price. Usage at this price is lower than the socially efficient level, giving rise to a deadweight loss. Firms would not be able to cover fixed costs if they set prices at the 
distribution costs. Firms will invest in a system only if the development costs are less than the expected profits, whereas a hypothetical benevolent social planner 
would invest as long as costs are less than the sum of profits, farmer surplus, and deadweight loss. 


improved information access can thus increase 
producer prices and lower average prices for 
consumers. Access to mobile phones allowed 
Indian fishermen to compare prices while still 
at sea and then transport their catch to the mark- 
ets offering the highest prices, thus causing a 
reduction in price dispersion across markets 
(55). Fewer fish were wasted, profits increased 
by 8%, and consumer prices declined by 4%. 

Studies in Uganda and Niger recorded sim- 
ilar results for other crops (56-58); delivering 
price information for staple grains was also 
found to cause positive effects in Ghana and 
Peru (59, 60). In contrast, sending farmers 
price and weather information through text 
messages and phone calls did not affect av- 
erage prices for crops from farmers in India 
or Colombia (61-63). These differences are 
hypothesized to result from a combination 
of factors, including differences in target pop- 
ulations, crop varieties, the importance of in- 
formational constraints, message design, and 
barriers to the effective use of information and 
communications technology (41). 

Digital technologies may also improve sup- 
ply chains by helping farmers shop for ade- 
quate inputs or report inefficiencies or fraud. 
Casaburi et al. (64) examined a contract-farm 
setting in which farmers sign contracts with a 
sugar company in Kenya. The company pro- 
vides agrochemical inputs to farmers and then 
deducts the costs of the inputs from the 
amount it pays farmers for the sugarcane. De- 
lays or failures in fertilizer deliveries to farm- 


Fabregas et al., Science 366, eaay3038 (2019) 


ers are common, but by establishing a hotline 
for farmers to report problems, late delivery 
was reduced by 23% and nondelivery by 54%. 
The benefits spill over to neighbors because 
the company schedules deliveries to neighbor- 
ing farms at the same time. 

An important area for future work is ex- 
ploring whether digital agriculture can address 
supply chain problems, such as limited compe- 
tition and high markups (65) and adulteration 
and counterfeiting of inputs (66). Moreover, 
studying the distributional effects of different 
interventions, arising from a combination of 
the direct effects of receiving digital advice 
itself and through positive or negative spill- 
overs of interventions, remains a fruitful area 
for investigation. 


Learning from farmers 


A key open empirical question is the extent 
to which mobile systems can gather valuable 
information from farmers, which in turn can 
be used to inform other farmers. In the United 
States, Farmers Business Network applies ma- 
chine learning to hundreds of thousands of 
acre-years of data to provide high-quality yield 
predictions for seed varieties (67). Mobile phone 
systems in LMICs could potentially be used to 
collect data to serve as inputs in machine learn- 
ing applications, learn from farmers’ experi- 
ences with particular agricultural technologies, 
and facilitate networking among farmers. 
However, gathering high-quality data from 
farmers is challenging. At the most basic 
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level, phone surveys allow collection of high- 
frequency survey data on agricultural produc- 
tion at a much lower cost than traditional 
methods (68). Yet despite some successes in 
eliciting information through phone-based 
feedback tools (69), phone surveys are plagued 
with low response rates and thus may be sub- 
ject to selection bias. If users are required to 
provide information to access content, they 
may prioritize speed over accuracy, degrading 
the quality of information. 

Systems that foster information exchange 
to facilitate participation and truthfulness 
by using a “Netflix model” are one solution. 
Netflix shares recommendations for video 
content with its users and tethers those rec- 
ommendations to what users have liked in 
the past. This procedure incentivizes users to 
share information with the platform to im- 
prove the quality of its future reeommenda- 
tions. This information is then used to benefit 
other users of the service by improving the 
quality of Netflix’s recommendations to them. 
A comparable model could potentially work 
for agriculture. Farmers could be convinced to 
supply information on what has recently worked 
for them, because doing so would improve 
the advice the mobile-advisory service pro- 
vides them in the future. Such a system would 
incentivize farmers to share their experiences, 
because sharing would enable them to receive 
better-tailored recommendations. The result- 
ing data could also be used to improve recom- 
mendations for other, similar farmers. 
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Financing and governance of digital 
agriculture systems 

Digital agricultural extension systems cur- 
rently reach only a small proportion of farmers 
(70). Here, we discuss barriers to commercial 
scaling, as well as problems with public scal- 
ing and emerging evidence on ways to ad- 
dress them. 


Barriers to scaling of subscription models 


Many of the efforts to establish digital exten- 
sion systems, such as iCow Global in Kenya or 
RML Agtech in India, have sought to finance 
themselves by selling subscriptions to farmers, 
but these types of efforts have reached only a 
small fraction of the potential market (70). 
Economic theory suggests that three features 
of markets for agricultural information— 
nonrivalry, nonexcludability, and asymmetric 
information—make it difficult for pure sub- 
scription models to reach as many farmers as 
would be efficient from a social point of view. 


Nonrivalry 


Information differs from most other goods 
(71, 72). Creation of information involves fixed 
costs—for example, collecting data from soil 
tests and weather stations or designing, test- 
ing, and refining comprehensible and action- 
able messages for farmers. However, unlike 
most other goods, such as agricultural products, 
information is a nonrival commodity: Once it 
has been created, it can be used by additional 
people at a minimal marginal distribution cost, 
with no cost to others. 

From a social point of view, it is efficient for 
all who value the information at more than 
the distribution cost to have access to it. How- 
ever, a firm using a pure subscription model 
would need to charge a higher fee than the 
price of distribution to cover the fixed cost of 
information creation. As a result, some farm- 
ers for whom it would be efficient to obtain 
information would be excluded (Fig. 4). For 
the particular curve drawn, the majority of 
farmers would value the information at more 
than the cost of distribution, but only about 
one-third would be willing to pay the profit- 
maximizing price of a commercial firm using 
a pure subscription model. 

In addition, under nonrivalry, a potential 
provider operating via a subscription model 
may not have the commercial incentives to 
create the service, even if it is socially efficient 
to do so. It is socially efficient to invest if the 
total area between the farmer valuation curve 
and the cost of distributing information— 
profits plus farmer surplus and deadweight 
loss—exceeds the cost of information creation. 
However, a private firm will invest only if the 
profits from selling information are sufficient 
to cover the cost of information creation. Non- 
rivalry leads to a gap between the conditions 
under which it is socially efficient to invest in 
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the creation of the service and the conditions un- 
der which it will be privately profitable to do so. 

More sophisticated forms of subscription 
models may ameliorate these distortions. To 
the extent that firms can charge different 
prices for information on the basis of farmers’ 
willingness to pay, these firms can serve more 
farmers and increase their profits. “Freemium” 
models are a step in this direction because they 
give consumers a chance to learn about the 
quality of advice before they pay for it. 

Nonrivalry does not imply that no knowledge- 
creation investments will be commercially 
viable. Indeed, a considerable share of all 
research and development investment is made 
by the private sector. If the only market failure 
associated with agricultural information mar- 
kets was nonrivalry, then a subscription model 
might become viable once technological prog- 
ress and the spread of smartphones and data 
plans sufficiently drove down the costs of in- 
formation production and distribution. How- 
ever, markets for agricultural information 
are subject to two additional distortions that 
further reduce farmers’ willingness to pay for 
information. 


Nonexcludability 


Agricultural information is also nonexclud- 
able or only partially excludable—i.e., once an 
individual has access to the information, this 
person can easily share it with others. In their 
study of digital agricultural extension in India, 
Cole and Fernando (46) found significant 
knowledge spillovers to farmers who had not 
received the services in the trial. A rich lite- 
rature documents the flow of agricultural in- 
formation in rural communities (73-75). Sharing 
of information not only directly reduces the 
number of potential customers for digital agri- 
cultural extension services but may also re- 
duce willingness to pay among those who do 
purchase, which could affect the financial via- 
bility of subscription-based services. 

In a study of willingness to pay for local soil 
information in western Kenya, individual 
farmers were not willing to pay the full cost of 
local soil test results (76). However, the aggre- 
gate valuation of all farmers for a given test in 
an area exceeded the cost of testing, poten- 
tially making investment in this information 
worthwhile from a social standpoint. Farmers’ 
willingness to pay for information was also 
lower in a setting where they could ask others 
for the information, which suggests that the 
option of resale or free riding depressed any 
willingness to pay. 


Asymmetric information 


Buyers do not necessarily know the value of 
the information sold to them, and they may 
not trust sellers’ claims about its value (77). 
Because agricultural production is highly 
variable and the profitability of recommended 
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agricultural practices may differ from year 
to year, it may be difficult for farmers to as- 
sess the quality of advice, even after they pur- 
chase it. 

Weak regulation makes it difficult to trust 
those selling information. Fraudulent operators 
can set up firms and offer useless information. 
Even firms with legitimate information would 
have incentives to inflate the benefits of their 
information. Farmers may thus discount any 
claims and reduce their willingness to pay for 
information. Markets for information can un- 
ravel entirely, preventing any transactions. 
Sellers address this issue by investing in a 
reputation for trustworthiness, but this involves 
some costs, and farmers may still retain doubts. 

Beyond these distortions specific to agricul- 
tural information markets, other factors make 
selling any investment product in these mar- 
kets difficult. Many developing-country farm- 
ers have no readily available cash and may not 
be able to borrow money either. In addition, 
a variety of behavioral factors, ranging from 
present bias to loss aversion, may inhibit 
investment (27). Customer acquisition costs 
and transaction costs in payments are also 
likely obstacles to successful scaling with 
subscription models. 

Together, these factors erode farmers’ wil- 
lingness to pay for information and thus limit 
the financial viability of digital agricultural 
extension efforts. Cole and Fernando (46) 
estimate that their IVR service in India in- 
creased farmers’ incomes by more than the 
costs of the service, but despite a high rate of 
farmer engagement, the average price a farmer 
was willing to pay for a 9-month subscription 
was only $2, whereas the cost of provision 
was $7. 


Other commercial financing models 


Beyond pure subscription models, other com- 
mercial models may partially address some of 
the market failures. 


Contract farming 


Some agricultural products, such as sugarcane 
or dairy, require local processing, often fea- 
turing a dominant local buyer. If the buyer 
profits sufficiently from having a greater input 
supply, this person may be willing to pay to 
provide digital agricultural extension services 
for all farmers in the area. Because the dom- 
inant buyer would want all farmers in the 
area to increase production, this would help 
address the problems of nonrivalry and 
nonexcludability. Additionally, a buyer with 
professional staff may be less subject to 
asymmetric information problems. The buyer 
may personally operate a digital agricultural 
extension service or purchase these services 
in bulk from another provider, thus reducing 
customer acquisition costs relative to the cost 
of selling to individual farmers. 
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This approach may be particularly effective 
when the buyer cares not only about the extra 
profits from greater input supply, but also 
about farmers. Dairy farmers, for example, 
often organize themselves into cooperatives 
that jointly buy milk-processing equipment. 
In some cases, lenders also provide digital 
agricultural advice. 


Advertising and selling inputs 


Digital agricultural extension providers could 
also try to finance themselves by selling ad- 
vertising, selling own-brand inputs, or enter- 
ing strategic alliances with agricultural input 
providers. Incentives such as commissions can 
lead to biased advice (78); nevertheless, some 
firms succeed in developing a reputation for 
providing objective advice. For example, Farm- 
ers Business Network in the United States has 
grown rapidly with a financial model based on 
selling own-brand agricultural inputs, as well 
as providing information. 

As smartphones and data plans become 
more common and it becomes possible to 
transmit more types of information at low 
cost, advertising and input sales may gen- 
erate enough revenue to finance some pro- 
vision of agricultural information, but markets 
are still unlikely to deliver socially optimal 
outcomes. Information will probably be under- 
supplied on agricultural techniques that do not 
involve input purchases or that involve only 
purchases of inputs that have become commo- 
dified and hence have low markups. False or 
misleading information may be supplied on 
the merits of different brands or the suitabil- 
ity of techniques that involve input purchase. 
Although regulation could potentially address 
such issues, designing and implementing ap- 
propriate regulation is likely to be difficult. 


Public financing and government provision 


The above examples of market failures provide 
a rationale for the public sector to fully or 
partially finance provision of digital agricul- 
tural extension. A public-sector entity could 
either operate a digital agricultural extension 
service itself, as the government of Ethiopia 
currently does, or contract with or provide fi- 
nancial support for private providers, as donors 
in international development are currently 
doing. Governments could also use their 
position as regulators to encourage telecom- 
munication firms to provide such services or 
to make capacity available to other digital 
agricultural extension providers. 

Scaling through governments entails typi- 
cally lower customer acquisition costs than 
faced by individual companies, because gov- 
ernments can leverage their relationships with 
telecommunications companies, the existing 
agricultural extension apparatus, and regula- 
tory powers to draw farmers to their platforms. 
However, just as market solutions are subject 


Fabregas et al., Science 366, eaay3038 (2019) 


to market failures, government solutions are 
subject to government failures. Governments 
are not known for nimble product develop- 
ment or user-friendly technology interfaces, 
and they lack the immediate customer feed- 
back mechanism the market provides. Gov- 
ernment agencies often provide agricultural 
information that might be too technical or 
detailed for communicating with the average 
farmer. For example, several Indian state gov- 
ernments distribute personalized soil health 
cards, based on local soil tests, to farmers. These 
cards are difficult for farmers to understand, 
and many farmers report never receiving them 
(15). Those who do receive the report cards 
often distrust the content (79). Simplifying 
the design, making the cards less technical, 
and complementing them with information 
delivered by mobile phones increased baseline 
comprehension from 8% to at least 40% (15). 
Similarly, a government-sponsored IVR help- 
line in Africa required farmers to answer a 
series of registration questions before they 
could access content, preventing many from 
reaching the agricultural content. Merely 
postponing user registration until after the 
farmers received some useful information in- 
creased the share of farmers getting to the 
content by approximately one-fifth, from 
52 to 63% (80). 

In these cases, governments responded to 
evidence by adjusting their programs, rede- 
signing the soil health cards, and postponing 
registration requirements, raising the possi- 
bility that the systematic incorporation of on- 
going surveys and A/B trials into government 
programs may serve as a partial substitute for 
the lack of market feedback. 

However, governments, like private busi- 
nesses, may distort information provision to 
farmers. For example, governments may want 
to increase production of certain commodities 
to achieve export goals, but they may not suf- 
ficiently value the time and effort required for 
farmers to adopt the corresponding agricul- 
tural practices. If government systems grow, 
input sellers may start lobbying or bribing gov- 
ernment officials to recommend their brands 
as opposed to others. 


Regulation 


Digital agricultural extension raises regulatory 
questions that require further research. Infor- 
mation providers with financial interests in 
selling certain products might send misleading 
messages. One approach to tackling this chal- 
lenge would be to mandate certain disclosures 
of financial conflicts. However, evidence from 
the regulation of financial and medical pro- 
ducts industries suggests that such mandates 
are not sufficient (87). Telecommunications 
authorities typically have rules limiting phone 
spam and will have to decide whether specific 
emergencies, such as severe pest outbreaks, 
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warrant waiving rules against sending un- 
solicited information. As smartphones and 
data plans spread, it will become cheaper to 
distribute content to farmers, so nonexclud- 
ability of information will be less of a barrier to 
information provision. But it is likely to become 
more difficult to control the provision of mis- 
leading information, and hence asymmetric 
information may become more of a problem. 

Customization could have great potential 
benefits, but it also raises questions about how 
to protect users’ privacy. Governments must 
decide whether and under what circumstances 
to share contact information for agricultural 
extension agents or farmers. 

Regulatory issues arise even for messages 
sent by government agencies. Messages from 
an agricultural ministry, for example, could 
crowd out equally important health messages. 
Messages that misleadingly imply that socially 
desirable behavior (such as environmentally 
favorable agricultural practices) has individual 
benefits could reduce trust in all messages 
from the government. Too many messages 
could annoy people and make them feel 
uncomfortable (82). 


Outlook 


The available evidence suggests that the ben- 
efits of providing digital extension far exceed 
the costs but that subscription-based models 
will not reach optimal scale. This disparity 
creates a potential role for public financing, 
which LMIC governments and aid donors 
are increasingly supporting. 

Delivering on the full promise of digital 
agriculture, including customization of in- 
formation provision, will require sustained 
cycles of iteration and testing. The develop- 
ment of lessons that are viable and useful in 
multiple contexts will be essential to avoid 
reinventing the wheel for each application. 
Because these lessons may constitute a global 
public good, multilateral institutions and 
global donors may wish to financially support 
digital information provision efforts by gov- 
ernments or private actors in exchange for 
undertaking experimentation and making the 
results widely available. Equally, many of the 
emerging lessons on provision of information 
to farmers could also apply in other sectors, 
such as education or health. 
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BACKGROUND: Responding effectively to cli- 
mate change requires urgent action to halt 
net greenhouse gas (GHG) emissions and to 
adapt to changes that cannot be prevented. 
The Paris Agreement of the United Nations 
Framework Convention on Climate Change 
has committed governments to the following: 
keeping global temperature rise below 2°C, 
pursuing efforts to limit it to 1.5°C, and adapt- 
ing to reduce the vulnerability of people and 
ecosystems to the damaging consequences of 
a changing climate. 

When protected, restored, or managed ap- 
propriately, natural and seminatural ecosys- 
tems make critical contributions to climate 
change mitigation and to helping people adapt 
to climate change. Ecosystems themselves are 
vulnerable to climate change, but by restoring 
natural ecosystem processes, resilience can be 
built, and a wide range of adaptation strategies 
can ameliorate the impacts. 
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Both synergies and conflicts between differ- 
ent objectives can arise, and it is essential to 
have clarity about what constitutes success 
across the range of adaptation and mitigation 
outcomes and to track progress. The success of 
ecosystem-based mitigation can be measured 
in terms of falling net emissions and stabiliza- 
tion of atmospheric CO, concentration. Al- 
though this is conceptually straightforward, 
it can be difficult to measure ecosystem fluxes 
accurately. Adaptation is more complicated 
because it encompasses a wide range of 
objectives, with respect to people and bio- 
diversity, including both reducing vulnera- 
bility and managing unavoidable change. 


ADVANCES: Many studies have investigated 
how nature-based solutions can contribute to 
climate change mitigation and adaptation. 
The evidence is now clear that protecting and 
restoring ecosystems is essential to holding 
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The role of natural and seminatural ecosystems in adaptation to and mitigation of climate 
change. The flow diagram shows the relationships between adaptation for biodiversity, ecosystem-based 
adaptation for people, and ecosystem-based mitigation. Negative impacts of climate change are 

shown in dark gray, and positive responses are shown in green. Successful ecosystem response to 
climate change depends on an integrated approach to ensure that synergistic effects are maximized 


and harms are avoided. 
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global temperature rise to between 1.5° and 
2°C. The value of different interventions for 
reducing GHG emissions and promoting car- 
bon sequestration can be quantified with vary- 
ing degrees of confidence. The evidence for the 
effectiveness, opportunities, and limitations of 


ecosystem-based adapta- 


tion in enabling people to 


Read the full article Cope with climate change 
at http://dx.doi. is also growing, and these 
org/10.1126/ approaches are starting to 
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be implemented. Adapta- 
tion to reduce the vulner- 
ability of biodiversity and ecosystems themselves 
to climate change has been discussed over many 
years but proposed measures remain largely 
untested. This is starting to change, with re- 
cent studies gathering empirical evidence of 
the factors that influence the vulnerability 
of ecosystems and biodiversity. Nevertheless, 
evaluation and reporting of adaptation is cur- 
rently focused on planning and implemen- 
tation of actions rather than on assessment 
of whether these programs have successfully 
reduced vulnerability. 


OUTLOOK: A picture is emerging of what suc- 
cessful adaptation and mitigation in terrestrial 
ecosystems looks like when it is built around 
protecting and restoring natural ecosystem 
processes. To realize the potential of ecosys- 
tems to ameliorate climate change requires 
integrated actions that are consistent with 
wider biodiversity and sustainable develop- 
ment goals. High-carbon ecosystems, particu- 
larly forests and peatlands, are essential, but 
other ecosystems, such as savannas, are also 
important elements of wider nature-based 
solutions and should be protected and re- 
stored. Pursuing mitigation objectives alone 
risks perverse outcomes that increase rather 
than reduce vulnerability. Further work is 
required to test the effectiveness of specific 
ecosystem-based mitigation and adaptation 
measures and what works best to support 
biodiversity in a changing climate. More- 
robust monitoring and evaluation are needed 
to drive progress. Measuring adaptation for 
biodiversity is particularly challenging, and 
monitoring and management will need to de- 
velop together as we learn from experience. 
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Natural and seminatural ecosystems must be at the forefront of efforts to mitigate and adapt to climate 
change. In the urgency of current circumstances, ecosystem restoration represents a range of available, 
efficient, and effective solutions to cut net greenhouse gas emissions and adapt to climate change. 
Although mitigation success can be measured by monitoring changing fluxes of greenhouse gases, 
adaptation is more complicated to measure, and reductions in a wide range of risks for biodiversity and 
people must be evaluated. Progress has been made in the monitoring and evaluation of adaptation 
and mitigation measures, but more emphasis on testing the effectiveness of proposed strategies is 
necessary. It is essential to take an integrated view of mitigation, adaptation, biodiversity, and the 
needs of people, to realize potential synergies and avoid conflict between different objectives. 


cosystems are an essential element of 
climate change mitigation and adap- 
tation, with the potential to reduce both 
net greenhouse gas (GHG) emissions and 
vulnerability to climate change. Approx- 
imately a quarter of postindustrial GHG emis- 
sions have come from the degradation of 
ecosystems (7), and the need for climate change 
mitigation based on restoring ecosystems or 
more sustainable land management is increas- 
ingly recognized (2). Over the past 10 years, 
carbon uptake by terrestrial ecosystems has 
been ~3.2 metric gigatons of carbon per year 
(GtC y_')—equivalent to one-third of emis- 
sions from fossil fuel burning (9.4 GtC y~’) 
(3). However, land-use change simultaneously 
caused emissions of 1.5 GtC y ‘. Reversing 
this flux is an essential element of climate 
change mitigation. There is also increasing 
evidence that adaption responses that use 
ecosystems can reduce the risks of climate 
change-associated events to people (4), such 
as flooding or heat waves. Ecosystems are 
themselves vulnerable to climate change, but 
an increasing number of studies are showing 
that this vulnerability can be reduced when 
they are protected, restored, or managed for 
adaptation. 
Ecosystem-based, or nature-based, solutions 
are distinctive in that they provide mitigation 
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and adaptation benefits at the same time as 
benefitting biodiversity and human health 
and well-being (5). Furthermore, they have the 
potential to deliver adaptation and mitigation 
in a synergistic way. However, there is also the 
potential for conflicts between different objec- 
tives. A clear understanding of what success 
looks like (6) for both adaptation and mitiga- 
tion alongside broader biodiversity and human 
factors is needed. 

Monitoring and evaluation of actions aimed 
at adapting to and mitigating climate change 
is essential to driving progress and developing 
techniques (6). Progress with mitigation can be 
measured in terms of changes in GHG fluxes. 
However, adaptation is more conceptually 
challenging (7, 8). First, because it may not be 
possible to fully assess the effectiveness of an 
adaptation strategy in preventing adverse 
impacts until decades later. Second, because 
no single metric or even a small range of 
metrics will adequately sum up progress across 
the many and varied aspects of adaptation. 
Third, because there are risks that reducing 
vulnerability in one sector may increase vul- 
nerability in another. Finally, objectives may 
need to change over time, because what con- 
stitutes good adaptation at a global temper- 
ature rise of 1.5° to 2°C does not necessarily 
constitute good adaptation at 3° to 4°C. It is 
also possible that there may not be agree- 
ment among different actors about the goals 
of adaptation. 


What constitutes success in climate change 
adaptation and mitigation in ecosystems? 


In simple terms, success in mitigation means 
preventing emissions and increasing carbon 
sequestration. Historically, the main source 
of GHG emissions from terrestrial ecosystems 
has been deforestation (9), but emissions from 
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degraded peatlands, melting permafrost, more 
frequent or more intense wildfires, and other 
sources are compounding the problem (J0). 
Natural and seminatural ecosystems are im- 
portant elements of mitigation strategies be- 
cause of their capacity to remove CO, from the 
atmosphere, which could partially offset emis- 
sions in sectors that are hard to decarbonize, 
such as aviation (//, 12). Measures that have 
the greatest potential to deliver climate change 
mitigation in terrestrial ecosystems include 
protection of intact carbon stores, avoided 
deforestation, reforestation of formerly for- 
ested land, and restoration of degraded peat- 
lands. (Other habitats, including coastal and 
marine systems, also store carbon but fall out- 
side the scope of this Review.) 

There is good evidence that reforestation of 
formerly forested land can create a large car- 
bon sink in its early decades and, in the longer 
term, store considerable amounts of carbon. 
From 2001 to 2010, for the moist tropics and 
boreal Siberia, Pugh et al. (13) estimated a 
carbon sink of 1.30 GtC y”’ in forest stands re- 
growing after past disturbance and 0.85 GtC y * 
in intact old-growth forest. Likewise, allowing 
natural regeneration of forest on 350 Mha of 
formerly forested land in the tropics and sub- 
tropics has been estimated to store 42 GtC y* 
by 2100 (74). Restoring degraded peatlands can 
substantially reduce (15) the large GHG emis- 
sions resulting from draining, burning, and 
cultivation (16). Climate change will have an 
increasingly negative impact on the capac- 
ity of many natural ecosystems to sequester 
or store carbon. There is also an increasing 
risk of exceeding tipping points that cannot 
easily be reversed, such as catastrophic per- 
mafrost melt (17). Rapid GHG emission re- 
duction in all sectors is a priority to reduce 
such risks. 

What constitutes success in adaptation has 
been widely discussed over the past two dec- 
ades (6, 18). For biodiversity conservation, 
adaptation includes a wide range of actions 
at different scales, from individual species to 
habitats and ecosystems (19, 20). The evidence 
for these actions’ effectiveness in supporting 
biodiversity conservation in a changing climate 
has grown rapidly in recent years. Nevertheless, 
many approaches have been based on theory, 
modeling, and observations comparing differ- 
ent locations or changes in time; relatively few 
studies have assessed the effectiveness of 
these measures experimentally (27). Three 
broad approaches to adaptation for biodiver- 
sity conservation can be identified: ecological 
restoration, direct intervention to reduce vul- 
nerability of species and habitats, and adjust- 
ing conservation management and objectives. 

Ecological restoration is important because 
the impacts of climate change are often exac- 
erbated in degraded ecosystems. Restoration 
in this sense is focused on restoring natural 
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Box 1. Assessing the potential for synergistic outcomes from ecosystem-based adaptation and 


mitigation actions. 


Will the action: 


. Help people adapt to climate change? 


Ooh wnrrh 


. Reduce GHG emissions or promote sequestration of carbon? 
. Continue to be viable for a range of plausible future climate scenarios? 
. Increase the resilience of biodiversity to climate change? 


. Maintain or enhance the biodiversity of a region, now and under future climates? 
. Maintain or increase the provision of ecosystem services on which local people depend, including 


water, food, and materials, now and under future climates? 
7. Lead to the displacement of emissions to another location? 


processes, including catchment hydrology 
(22, 23) and fire regimes (24, 25). “Renovation” 
has been proposed as an alternate term (20), 
to distinguish this process from seeking to 
restore a former state, which may no longer 
be possible with climate change. Increasing 
habitat patch size can support more-resilient 
populations (26), and increasing habitat con- 
nectivity (27) enables some species to track 
changing climatic conditions in fragmented 
landscapes. Direct interventions range from 
targeted management of vulnerable species 
(28) and species translocation (29, 30) to 
manipulating habitats, e.g., by shading water- 
courses with trees to reduce water tempera- 
tures (31, 32). Adjusting conservation objectives 
and ways of working is becoming increasingly 
necessary as climate change impacts increase; 
for example, changing species distributions 
may mean that species will need protection in 
places they did not formerly inhabit (33, 34). 
The longer that warming continues, the more 
that adaptation for biodiversity will need to 
shift toward managing change (20, 35, 36) 
rather than building resilience. However, re- 
cent research has demonstrated the existence 
of refugia (37, 38) in which species survival 
is more likely because of microclimatic con- 
ditions, for example, on north-facing slopes 
and other locally cool spots in a landscape. 
Identifying and protecting these areas is 
therefore a good strategy for promoting spe- 
cies survival and is consistent with protecting 
and restoring large heterogeneous areas. 
Ecosystem-based adaptation (EbA) is the 
use of biodiversity and ecosystem services 
to help people adapt to climate change. EbA 
includes natural flood management, in which 
peak flows are reduced and flood storage ca- 
pacity is increased by restoring wetlands and 
natural features of rivers, such as meanders 
and woody debris; creation of green space and 
planting of trees to provide local cooling for 
people or livestock; and establishment of veg- 
etation on slopes prone to landslip during 
extreme rainfall events. The evidence base for 
EbA has developed rapidly, with many studies 
demonstrating that the approach can be more 


Morecroft et al., Science 366, eaaw9256 (2019) 


cost-effective in the delivery of adaptation 
outcomes, and that it provides multiple co- 
benefits and represents a more sustainable 
approach than engineered adaptation mea- 
sures (39). However, the adoption of EbA 
approaches is patchy (40) and the involve- 
ment and empowerment of local communities 
and stakeholders is essential for successful 
EDA (41, 42). 

The particular value of nature-based solu- 
tions in addressing climate change is their 
capacity to simultaneously provide mitiga- 
tion and adaptation along with a wide range 
of other benefits for biodiversity and people. 
Box 1 summarizes the key issues that deter- 
mine success or failure across all these areas. 


Synergies 

Protecting existing natural areas is a corner- 
stone of conservation, which is even more im- 
portant in a changing climate, especially areas 
where there are important carbon stores or 
potential refugia for species. Intact forests 
are important for a range of climate-related, 
ecological, and societal reasons, including car- 
bon storage, carbon sequestration, local cli- 
mate regulation, water supply, and biodiversity 
(43). Similarly, peatlands are important carbon 
stores and, like other natural wetlands, support 
biodiversity and contribute to water resources 
and flood management. 

Given the degraded state of most of Earth’s 
ecosystems, restoration is essential to realize 
their full potential for adaptation and mitiga- 
tion. Restoring natural ecosystem functions, 
particularly hydrology and carbon dynamics, 
is central to this goal (Fig. 1). Catchment res- 
toration (44), including regeneration of wet- 
lands and reversing the canalization of rivers, 
can reduce flood risk by retaining water higher 
in the catchment. The additional advantages 
of such measures include maintaining water 
supplies during periods of drought, enhanc- 
ing biodiversity, and contributing to carbon 
storage and sequestration. Reforestation can 
both sequester carbon and have benefits for 
adaptation, including increased rainfall infil- 
tration into soil (45, 46), floodwater impedance 
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(44), and provision of shade (31). Restoring 
savannas, by removing trees, reseeding grass- 
lands, and reinstating natural fire regimes (47), 
increases resilience, supports carbon storage 
in soils (48), protects water resources (49), and 
reduces the risk of catastrophic fires (50). 
Restoration of natural processes is likely 
to have multiple benefits in tackling climate 
change. However, it will increasingly need to 
be complemented with active intervention 
or adjustment of conservation objectives, 
as described above, to reduce vulnerability 
to climate change and continue delivering 
adaptation and mitigation services. 


Conflicts 


Although nature-based solutions offer the po- 
tential for win-win-win outcomes for mitiga- 
tion, adaptation, and biodiversity, these are 
not guaranteed, and there is potential for 
conflict, especially when inappropriate inter- 
ventions are employed. There are real risks in 
pursuing one objective without taking proper 
account of others. An important current con- 
cern is tree planting in inappropriate places. 
Although reforestation of formerly forested 
land can bring great benefits for adaptation, 
mitigation, and biodiversity, tree planting in 
other places can cause serious problems and 
can even exacerbate climate change impacts 
(48). Naturally open ecosystems are uniquely 
adapted to local conditions. Grass-dominated 
savannas have diverse communities and many 
endemic species (51) that have evolved in 
a high-light environment with vegetation- 
environment feedbacks, including high levels 
of herbivory and fire (52). Tree planting in 
historically open ecosystems would be harm- 
ful. Unfortunately, global scale analyses aimed 
at identifying degraded forest areas suitable 
for afforestation (53) cannot reliably separate 
naturally open ecosystems, such as savanna, 
from degraded forests. Here, other sources of 
knowledge and data, including the involve- 
ment of local communities, are essential. Sim- 
ilarly, the afforestation of formerly treeless 
peatlands that have been drained may not 
supply any mitigation benefits from growing 
timber because of release of GHGs from the 
drained peat (54) and may, in addition, lead 
to biodiversity losses (55). 

Ecosystem restoration will not be possible 
in all places. Many formerly forested and 
peatland areas have been cleared and drained 
for agriculture. Ecosystem restoration in these 
regions may reduce crop production or dis- 
place it to other locations where it may have 
an equally or even more negative impact. A 
wider and coordinated strategy to tackle cli- 
mate change and promote sustainable devel- 
opment therefore needs to include actions 
such as reducing food waste and dietary 
change and sustainable increases in agri- 
cultural productivity in some places to allow 
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Fig. 1. Examples of nature-based solutions to climate change. (A) Restoration 
of a lowland raised bog at Bolton Fell Moss, Cumbria, England—a former 
commercial peat extraction site. (B) Natural regeneration of trees following 
reduction in grazing at Creag Meagaidh National Nature Reserve, Scotland. This 
is a landscape that would once have been forested below the natural treeline, but 
the forest was subsequently cleared, and grazing prevented reestablishment. 


(C) Establishment of woodland next to a stream provides shading to maintain 
lower water temperatures and contributes to carbon sequestration. (D) Savanna 
in a natural state, with large areas of open grassland and scattered trees. 
Protection and restoration of this state using native herbivores and natural fire 
regimes is the best approach to climate change adaptation as well as biodiversity. 
This ecosystem is not suitable for tree planting. 


restoration in others. Sustainable approaches, 
including organic and regenerative farming 
(56), which can support some aspects of bio- 
diversity and contribute to climate change 
mitigation, can also play a role in wider land- 
use strategies. Negative emissions technol- 
ogies, especially biofuels with carbon capture 
and storage (BECCS), are often included in 
scenarios for meeting the Paris Agreement 
commitments, but these technologies create 
a demand for land (11, 57). The benefits of 
BECCS for mitigation need to be considered 
alongside the implications for adaptation, 
biodiversity, and food security and will re- 
quire careful management and monitoring 
(58). When a broader frame of reference is 
considered, the protection and restoration 
of natural ecosystems may, in many circum- 
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stances, be a better option than resorting to 
BECCS. 


Measuring and reporting progress 


It is important that success in deploying nature- 
based solutions can be monitored and eval- 
uated, to ensure that all intended benefits 
are delivered, that progress is being made, 
and that actions can be prioritized on the 
basis of evidence. To enable this to happen, 
metrics are required for biodiversity, mitiga- 
tion, and adaptation parameters, which reflect 
the needs of local communities as well as in- 
ternational reporting. 

Mitigation is measured by quantifying emis- 
sions and removal of GHGs in terms of CO, 
equivalents. The Paris Agreement of the United 
Nations Framework Convention on Climate 
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Change (UNFCCC) requires countries to re- 
port emissions on the basis of observation- 
constrained models (3). However, there are 
considerable gaps and challenges in report- 
ing ecosystem emissions and removals. Many 
confounding factors can influence assessment 
of mitigation outcomes, including the slow 
rate of carbon sequestration in many ecosys- 
tems and the risk of stored carbon being re- 
leased by wildfire or land-use change. Hence, 
long-term measurement is required, as pat- 
terns of carbon uptake change over time. 
Under the UNFCCC, adaptation reporting 
is based on the development and delivery of 
broad-ranging National Adaptation Plans 
(59, 60). The Paris Agreement also stipulates 
a “global stocktake,” to review adaptation 
effectiveness and progress made toward the 
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global adaptation goals of enhancing adapt- 
ive capacity, strengthening resilience, and 
reducing vulnerability to climate change. Many 
variables that affect human vulnerability can 
be measured in a straightforward way. For 
example, fluvial flood risk relates closely to 
water flow in rivers, which can be measured 
directly (61). However, for biodiversity, espe- 
cially at the species level, vulnerability is 
harder to measure and is associated with a 
high degree of uncertainty (62-64). 

Lessons can be learned from the long his- 
tory of species monitoring. Although well- 
chosen individual species can act as indicators 
for a wider range of species (65), in the con- 
text of climate change, more-robust indica- 
tors can be developed from the contrasting 
responses of different species (66, 67), includ- 
ing sophisticated assemblage structure indi- 
cators (68). 

Several indicators of climate change im- 
pact have been developed that track observed 
species’ population and community responses 
to climate change (69-71). It may be possible 
to develop indicators of adaptation on the 
basis of further development of these impact 
indicators, but when doing so, it will be im- 
portant that attribution to climate change is 
not confounded with other drivers of change, 
which may vary between species. In addi- 
tion, the efficacy of species as indicators 
may change over time, as a result of altering 
interspecific interactions, density dependence, 
and even evolutionary adaptation. Finally, we 
need to consider that the past, upon which the 
indicators are devised, may not be a good pre- 
dictor of the future. 

Given these concerns, the development of 
true outcome-based adaptation indicators is 
challenging, particularly where adaptation 
actions are targeted at managing change. An 
alternative approach is to monitor the de- 
ployment of adaptation measures for which 
there is good evidence of effectiveness, such 
as increasing patch size (26) and protecting 
refugia (36), in combination with existing 
biodiversity surveillance. At present, the main 
limitation to this approach is our understand- 
ing of the effectiveness of adaptation measures 
(21) and the narrow geographical representa- 
tion of existing studies, but this evidence 
base should improve over time. The concept 
of adaptive monitoring linked with adaptive 
management (72, 73), in which both monitor- 
ing and management of the natural environ- 
ment develop and evolve as situations and 
knowledge change, is a powerful one that will 
need to be embraced given the need for prompt 
action in the face of an uncertain future. 


Outlook 


Tackling climate change is an urgent priority 
and a drive to restore degraded ecosystems 
needs to be at the heart of it. Natural eco- 
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systems take up approximately a third of cur- 
rent fossil fuel emissions and will be vital for 
future carbon sequestration. The distinctive 
value of natural ecosystems in climate change 
mitigation is that they can protect biodiversity 
and help societies to adapt to climate change. 
To realize the potential of nature-based solu- 
tions to climate change requires more in- 
vestment, technical expertise, and the active 
participation of local communities. There is 
a pressing need for clear measures of success 
and effective monitoring and evaluation that 
cover mitigation, adaptation, and biodiversity 
outcomes to drive progress. 
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INTRODUCTION: The cyclin D (CycD)-dependent 
kinases CDK4 and CDK6 (CDK4/6) phos- 
phorylate the retinoblastoma (Rb) tumor sup- 
pressor protein to cause entry into the cell 
cycle in normal cells and in many cancers. 
Three small-molecule CDK4/6 inhibitors— 
palbociclib, ribociclib, and abemaciclib—are 
clinically approved in HER2-negative, ER- 
positive breast cancer in combination with 
antiestrogens. Although these drugs are al- 
ready being used in clinical trials for diverse 
cancers, ongoing research is needed to better 
understand the mechanisms of inherent or 
acquired resistance to CDK4/6 inhibition. 


RATIONALE: The intrinsically disordered pro- 
teins p21 and p27 are commonly known as 
CDK inhibitors, yet CDK4-CycD requires p21 
or p27 (p21/p27) for assembly and activity 
in vivo. Moreover, all approved CDK4/6 inhib- 
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itors were developed against purified CDK4/ 
6-CycD complexes that lacked p21/p27. To date, 
there are no structures or kinetic data explain- 
ing whether and how p21/p27 activates CDK4- 
CycD and influences the response of chemical 
inhibitors. We therefore set out to structurally 
and functionally characterize the trimeric p21/ 
p27-CDK4-CycD complexes, as well as to inves- 
tigate the mechanism of clinically approved 
CDK4/6 inhibitors. 


RESULTS: We present a crystal structure of 
the CDK4 holoenzyme, which reveals that 
p27 allosterically activates CDK4 to phos- 
phorylate Rb by remodeling the adenosine 
triphosphate-binding site and by promoting 
release of the kinase activation segment. We 
find that tyrosine phosphorylation of p27 is 
required to activate CDK4 and that the lack 
of a key tyrosine in p21 makes it a poor ac- 


tyrosine 
kinase 


—_> 


Inactive CDK4 
I 


tivator. Surprisingly, we also find that the 
purified p27-CDK4-CycD1 complex is refrac- 
tory to inhibition by approved CDK4/6 inhi- 
bitors and that endogenous p27-, CDK4-, and 
CycD-associated activity is also insensitive. 
Instead, palbociclib primarily targets CDK4/6 
monomer in breast cancer cells, and this as- 
sociation indirectly inhibits the downstream 
Rb-inactivating kinase CDK2. 


CONCLUSION: The success of CDK4/6 inhibi- 
tors demonstrates the clinical importance of 
Rb inactivation in cancer. Although treatment 

with palbociclib, abema- 
ciclib, or ribociclib leads 
Read the full article tO low concentrations of 
at http://dx.doi. phosphorylated Rb, we 
org/10.1126/ conclude that these small 
science.aaw2106 molecules do not directly 
Snieia connection ens inhibit CDK4 kinase ac- 
tivity in the breast cancer cells we examined. 
The mechanism that we propose, inhibition 
of complex assembly, parallels that of the 
endogenous CDK4/6 inhibitor protein p16. 
We conclude that mechanisms leading to 
CDK2 inhibition are critical for inducing cell 
cycle arrest and are likely critical determinants 
of whether cells are sensitive to the CDK4/6 
inhibitors. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: srubin@ucsc.edu 

Cite this article as K. Z. Guiley et al., Science 366, 
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Understanding how p27 mediates cyclin-dependent kinase 4 (CDK4) assembly, activity, and 
sensitivity to the kinase inhibitor palbociclib. p27 binds CDK4 together with cyclin D (CycD), 
helping CDK4 to mature from the Hsp90 chaperone complex into an inhibited, inactive trimer. 
Phosphorylation of the key tyrosine Tyr’* (Y74) in p27 yields an active trimer capable of phosphorylating 
critical cell cycle substrates to promote cell division. X-ray crystal structures show how p27 remodels 
the CDK4-CycD structure to inhibit or activate the enzyme, depending on Y74 phosphorylation 

(red circle). Surprisingly, the active trimer complex is resistant to the CDK4/6 inhibitor palbociclib. 
Instead, data from experiments with purified enzymes and cancer cells indicate that palbociclib primarily 


targets CDK4 monomer and promotes the formation of inactive CDK2 complexes. 
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The p27 protein is a canonical negative regulator of cell proliferation and acts primarily by inhibiting 
cyclin-dependent kinases (CDKs). Under some circumstances, p27 is associated with active CDK4, 

but no mechanism for activation has been described. We found that p27, when phosphorylated by 
tyrosine kinases, allosterically activated CDK4 in complex with cyclin D1 (CDK4-CycD1). Structural and 
biochemical data revealed that binding of phosphorylated p27 (phosp27) to CDK4 altered the kinase 
adenosine triphosphate site to promote phosphorylation of the retinoblastoma tumor suppressor 
protein (Rb) and other substrates. Surprisingly, purified and endogenous phosp27-CDK4-CycD1 complexes 
were insensitive to the CDK4-targeting drug palbociclib. Palbociclib instead primarily targeted monomeric 
CDK4 and CDK6 (CDK4/6) in breast tumor cells. Our data characterize phosp27-CDK4-CycD1 as an active Rb 
kinase that is refractory to clinically relevant CDK4/6 inhibitors. 


yclin-dependent kinases 4 and 6 (CDK4/ 

6) drive cell proliferation by partnering 

with D-type cyclins (CycD) to phospho- 

rylate the retinoblastoma protein (Rb). 

Rb is subsequently hyperphosphorylated 
and inactivated by CDK2 to trigger passage 
through the G, phase of the cell cycle (7-3). 
Disruption of this CDK4/6-Rb signaling path- 
way is ubiquitous in tumors and typically oc- 
curs through overexpression of CycD1 or loss 
of the CDK4/6-specific inhibitor p16™*, both 
of which increase CDK4/6 activity, leading 
to uncontrolled proliferation (4-6). Specific 
CDK4/6-targeting adenosine triphosphate (ATP)- 
competitive drugs such as palbociclib are ap- 
proved for estrogen receptor-positive breast 
cancer and are being tested in clinical trials for 
application in diverse cancer types (4, 5, 7, 8). 
As the use of CDK4/6 inhibitors as therapies 
increases, it becomes critical to understand 
their mechanism and factors that promote sen- 
sitivity or resistance. 

CDK4/6 regulation is multilayered, reflecting 
the need to integrate diverse growth signals to 
control the cell cycle (3). Canonical CDKs re- 
quire cyclin binding to properly structure their 
catalytic site (9). CDK4-CycD is unique in that 
CycD binding alone does not induce an active 
kinase structure (10, 17). CDK4-CycD also has 
relatively fewer characterized substrates and 
poorer catalytic activity compared to other 
CDKs (12-16). There are several cofactors that 


Department of Chemistry and Biochemistry, University of 
California, Santa Cruz, CA 95064, USA. “Department of 
Cellular and Molecular Pharmacology and Howard Hughes 
Medical Institute, University of California, San Francisco, CA 
94158, USA. °Center for Personalized Medicine, Roswell Park 
Cancer Center, Buffalo, NY 14263, USA. 

*Corresponding author. Email: srubin@ucsc.edu 


Guiley et al., Science 366, eaaw2106 (2019) 


interact with CDK4-CycD to modulate com- 
plex activity, assembly, and localization. The 
Rb family members (Rb, p107, and p130), which 
are the best-characterized substrates of CDK4, 
contain a specific activating interaction se- 
quence (15, 17, 18). The Hsp90-Cdc37 chaper- 
one complex stabilizes monomeric CDK4 by 
binding the unfolded N-lobe of the kinase 
(19, 20). The INK4 family (p19, p18, p16, and 
p15) inhibits CDK4/6 by obstructing cyclin 
binding and by pulling the activation segment 
(also called the T-loop) into an inactive confor- 
mation (2/, 22). Activation segment phospho- 
rylation by the CDK-activating kinase (CAK) 
stimulates CDK4: activity (23, 24). 

CIP (p21) and KIP (p27 and p57) proteins are 
CDK2 inhibitors in vitro and in cells under 
conditions of growth arrest (25). They are in- 
trinsically disordered proteins that fold onto a 
cyclin and then a CDK sequentially to form 
ternary complexes (26). Mice lacking p21 or 
p27 are susceptible to tumorigenesis (27, 28), 
which is consistent with the important roles 
of CIP and KIP proteins in negatively regulat- 
ing the cell cycle through CDK2 inhibition. 
p27 degradation is critical for licensing entry 
into S phase, and p21 is a key effector of p53- 
activated senescence (25, 29). p27 directly inhib- 
its CDK2-CycA by occluding a substrate-docking 
site and by inserting a small helix within the 
p27 CDK-inhibitory domain into the CDK2 
ATP site (30). 

p21 and p27 have a more complex role in 
regulating CDK4. Although they can inhibit 
CDK4 under some conditions, they are also 
necessary for CDK4 activity. Embryonic fibro- 
blasts that lack both p21 and p27 fail to as- 
semble active CDK4-CycD complexes (37). Much 
of p27 is found in a complex with CDK4-CycD 
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in proliferating cells, and active CDK4 com- 
plexes in cells contain both CycD and p27 
(25, 32-36). High levels of p21 are inhibitory, 
whereas low levels induce assembly and nu- 
clear localization of enzymatically active CDK4 
complexes (37). The activity of CDK4 com- 
plexes requires phosphorylation of p27 by non- 
receptor tyrosine kinases (NRTKs) (34, 35, 38), 
including the breast tumor kinase Brk (also 
called PTK6). However, it is unclear whether 
and how p21 and p27 directly stimulate CDK4 
catalytic activity, how this activation is med- 
iated by p27 phosphorylation, and how p27 
influences CDK4’s sensitivity to chemical in- 
hibitors such as palbociclib. 


Crystal structures of p21-CDK4-CycD1 and 
p27-CDK4-CycD1 complexes 


To better understand p21 and p27 regulation 
of CDK4, we determined the crystal structures 
of p21-CDK4-CycD1 and p27-CDK4-CycD1 com- 
plexes at 3.2 A and 2.3 A resolution, respectively 
(Fig. 1 and tables S1 and S2). p21 and p27 sim- 
ilarly fold into a single helix that spans CDK4- 
CycD1. The structures demonstrate why both 
proteins function as assembly factors. p21 and 
p27 contain a subdomain 1 (D1), which docks 
into a hydrophobic cleft in CycD1, and a sub- 
domain 2 (D2), which binds the N-lobe of 
CDK4 (Figs. 1 and 2). CDK4 and CycD1 are 
joined through the bridging helix (a1), which 
provides a rigid constraint to define the rela- 
tive orientation of the cyclin and kinase N-lobe 
domains (Fig. 1, A and B). 

The trimer structures demonstrate two 
key mechanisms of inhibition. First, p21 and 
p27 use their RxLF motif in D1 to block access 
to a critical substrate-docking site on CycD 
(Fig. 2, A and B) (39, 40). Similar D1 domain- 
mediated interactions are also observed be- 
tween p27 and CDK2-CycA (fig. S1, A and B). 
Second, the p21 and p27 D2 domains displace 
the first strand (61) of the CDK4 N-lobe B sheet 
(Fig. 2C). As a result, the glycine-rich loop (Gly- 
loop; residues 13 to 19 in CDK4) is dislodged 
from the CDK4 active site and the ATP-binding 
pocket is disrupted. A striking difference in 
how p27 binds CDK2 and CDK4 was observed 
in the interaction between p27 D2 and the 
kinase domain. Whereas p27 inserts a small 
310 helix into the CDK2 ATP site (30), a 349 
helix was not observed at the correspond- 
ing location in CDK4 (Fig. 2D and fig. SIC). 
Differences in the CDK4 hinge region from 
CDK2 suggest that 3,)-helix insertion of p27 
into the CDK4 active site would be sterically 
hindered (fig. S1D). 


p21 and p27 binding rotates the CDK4 N-lobe 
and releases the kinase activation segment 

We compared the trimer structures to the 
known CDK4-CycD dimer structures (JO, 17). 
Unexpectedly, p21 and p27 induced structural 
changes that better shape the active site for 
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Fig. 1. Structures of the 
p27-CDK4-CycD1 and 
p21-CDK4-CycD1 
complexes. (A) Overall 
structure of p27-CDk4- 
CycD1. p27 (green) binds 
CycD1 (cyan) with its D1 
domain and CDK4 (gold) 
with its D2 domain. 

(B) Structure of p21- 
CDK4-CycD1. p21 
(magenta) adopts a fold 
similar to that of p27, 
bridging CDK4 (gold) 

and CycD1 (cyan). 

(C) Sequence alignment 
of p27 and p21. Asterisks 
represent residues 
directly interacting with 
CDK4 or CycD1. The 
known tyrosine phospho- 
rylation sites are noted. 
Secondary structure 
observed in the crystal is 
indicated above the 
sequences. Dashed lines 
indicate sequences in the 
crystallized protein that 
are not visible in the 
electron density, including 
the C-terminal sequence 
in p27 that forms 

a 3) helix when bound to 
CDk2 (in parentheses). 
Amino acid abbreviations: 
A, Ala; C, Cys; D, Asp; E, 


Zebrafish KPS. 


Human RQNPCGSKAC 
Mouse RPVPHRSKVC 


60 


Human KPS LEKHCRDMEEASQRK 
Mouse KPS, LEKHCRDMEEASQRK 
Chicken KPS. LKKHRKEMEEACQRK 

Frog RSP; FERSL EEKREK! 


FQROLRTMEDASAEA 


Frog QASGNKEKSC 
Zebrafish LRSLGNGPT| 


QNH 
QNH 
QNH 
RNY’ 
STHTPRADGRY 


x Active- 
site 


D2 (3,5) 


_LEGKYE QEVEKGSLPE 
-LEGRYEWQEVERGSLPE 
-LEGRYEWQAVEKGSSP 
-LPGPLQWKETD--QAPE 


ee 


80 

DFAWER\ GLGLPKLYLPTGPRR 
NFVWERVRSLGLPKVYLSPGSR- 
HFKWERVLLAEQPPWEAFSLA-- 
QYDWVKVENNTLNGS -- ------ 
DFHNEG pevRvPLLUAnOEKG 


Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg: S, Ser; T, Thr; V, Val: W, Trp; Y, Tyr. 


catalysis. p27 binding rotated the N-lobe of 
CDKé4 relative to the C-lobe (Fig. 3, A to D). 
The strands in the N-lobe 8 sheet were shifted 
by ~4 to 6 A such that the B-strand 2 (82) of 
the trimer complex replaced the B-strand 3 (63) 
position of the dimer, 83 replaced B5, and B5 
replaced $4. An important consequence of this 
altered N-lobe conformation is that the activa- 
tion segment was released from the CDK4 ac- 
tive site, because specific interactions between 
63 and £5 and the activation segment helix 
were broken (Fig. 3B). The release represents 
an important step that allows substrate bind- 
ing in the kinase active site (41). For CDK1 and 
CDK2, activation segment release occurs upon 
binding to a cognate cyclin, and phosphoryla- 
tion of the activation segment by CAK further 
improves substrate binding (42). However, in 
the crystal structure of the CDK4-CycD1 dimer, 
the activation segment remains in a substrate- 
blocking conformation despite the introduc- 
tion of a phosphomimetic (T172D) at the CAK 
phosphorylation site (Fig. 3B) (10). The release 
of the activation segment observed upon p27 
binding (Fig. 3B) is a unique mechanism to 
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CDK4 and likely explains the requirement of 
p27 for CDK4 activation segment phosphoryl- 
ation by CAK (24). 

A second result of the B-sheet rearrange- 
ment was that the catalytic lysine (Lys®’) on 63 
was pulled into a position to accept the B- and 
y-phosphates of ATP (Fig. 3, C and D). This 
position of Lys” is similar to that of the cor- 
responding catalytic lysine (Lys”’) in active 
CDK2-CycA (fig. SIE) (9, 30). In contrast, the 
position of Lys®’ in the CDK4-CycD1 dimer is 
similar to its position in the inactive CDK2 
monomer structure (10, 11). This conforma- 
tional change in the N-lobe does not occur 
when p27 binds CDK2 and is therefore an al- 
losteric activating mechanism of p27 specific 
to CDK4 (fig. S1, A and F) (30). 

Although the p21 and p27 trimer complexes 
are primed for catalysis, in that Lys” is posi- 
tioned to coordinate ATP and the activation 
segment is released, there are still aspects of 
the structure that indicate a requirement for 
additional activating mechanisms. The D2 do- 
main must be displaced to permit formation 
of the ATP-binding G-loop. In addition, com- 
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parison of the CDK4 trimer structure with an 
active CDK2 structure indicates that the 
C helix (also known as the PSTAIRE helix) in 
CDK4 remains in an inactive position, with its 
critical catalytic glutamate pointing away from 
the active site (Figs. 2C and 3D). We propose 
that the structure determined here is an inter- 
mediate along a pathway to activation, and 
that substrate binding, ATP binding, or activa- 
tion segment phosphorylation in conjunction 
with p27 binding may induce the required ro- 
tation of the C helix (fig. S2A). 


Tyrosine phosphorylation of p27 but not 

p21 activates CDK4 trimer complexes 

To quantify the kinase activity of p21- and p27- 
CDK4-CycDI1, we assayed the activity of recom- 
binant CDK4 complexes (Fig. 3, E to G). We 
used a phosphorylation site mimetic in the 
CDKé4 activation segment (CDK4 T172E) be- 
cause there was heterogeneity in phosphoryl- 
ation of the Thr’” site in our purified protein 
(fig. S2, B and C). We tested the CDK4-CycD1 
dimer (called K4D1/- because it lacks p21 or 
p27), the trimer with p21 or p27 (K4D1/p21 or 
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Fig. 2. p27 and p21 inhibit substrate binding and catalytic activity. (A) Association between the 
p27 RxLF motif (green) and the MVRIL cleft in CycD1 (cyan) competes for substrate docking. (B) The 
p21 RxLF (magenta) bound to CycD1 (cyan). (C) Binding of the D2 region in p27 (green) displaces 
the Bl strand in the CDK4 N-lobe (gold), disrupting the ATP-binding site. The structure shown in gray 
for comparison, including the ATP, is from CDK2 in the active CDK2-CycA dimer. The CDK4 §1 strand 
and following Gly loop are not visible in the p27-CDK4-CycD1 trimer structure, indicating they are 
disordered. The C helix remains in an inactive conformation in the CDK4-p27 structure. (D) Comparison 
of binding of p27 to CDK2 (p27 in gray) and to CDK4 (p27 in green, CDK4 in gold). The 3:9 helix in p27 
that binds the CDK2 ATP site is not visible and likely remains disordered upon CDK4 binding. Tyrosine 


phosphorylation sites are shown. 


K4D1/p27), and the trimer with tyrosine kinase 
(Brk/PTK6)-phosphorylated p21 and p27 (K4D1/ 
phosp21 or K4D1/phosp27) (Fig. 3E and fig. S3). 
The dimer demonstrated strong activity toward 
the purified Rb C-terminal domain (residues 
771 to 928, Rb” ?*), whereas the trimer with 
unphosphorylated p21 or unphosphorylated 
p27 demonstrated poor activity. Consistent with 
observations in cell culture (34, 35), tyrosine 
phosphorylation of p27 restored its recom- 
binant trimer enzyme activity. The tyrosine 
kinase-phosphorylated p21 had only slight ad- 
ditional activity, indicating that p21 trimer com- 
plexes are mostly inhibited despite tyrosine 
phosphorylation. 

We focused on the strong activity of the 
phosphorylated p27 trimer and used steady- 
state kinetic experiments to quantify enzyme 
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processing of ATP (Fig. 3, F and G, and fig. 
S4). We tested CDK4 activity of the dimer and 
the phosp27-trimer complex toward Rb”975, 
Rb”®* (residues 771 to 784; this shorter Rb 
fragment lacks a CDK4 docking sequence) 
(15, 17, 18), Cdc6'"® (residues 1 to 119, a CDK4 
substrate that contains an RxLF docking se- 
quence) (13), and p107°**'° (residues 949 to 
1068, which lacks any known docking se- 
quence). In the case of all four substrates, the 
Ky of ATP for the K4D1/phosp27 trimer was 
reduced relative to that of K4D1/- and was 
more similar to the Ky, of CDK2 and that of 
most serine/threonine kinases (6). This de- 
crease in Kj, which we also observed for CDK6- 
CycD1 but not for CDK2-CycA (fig. S5), is 
consistent with our structural results that p27 
binding induces an N-lobe conformation in 
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CDK4 that supports ATP coordination. We 
note that although we observed activity from 
reconstituted phosp27-CDK6-CycD1 trimers 
in vitro, it is unclear whether these complexes 
exist in cycling cells (43). 

In the activity assays, phosp27 also had an 
inhibitory effect that is specific for substrates 
containing a CDK docking sequence. When 
assaying the K4D1/- dimer, the ATP -dependent 
maximum reaction rate Vj», and the Rb sub- 
strate ..¢/K\ both decreased upon deletion of 
the docking sequence in Rb (compare Rb“978 
to Rb”), supporting the importance of dock- 
ing in dimer phosphorylation of Rb (Fig. 3G and 
fig. S4B) (77, 18). The ATP V,,,. decreased upon 
addition of phosp27 when assaying Rb””°?° 
(factor of 13 decrease) and Cdc6*""® (factor 
of 4 decrease), which both contain docking 
sequences (Fig. 3G). In contrast, the ATP Vinax 
only modestly decreased for p107°*9 0 and 
for Rb’"®™, which lack docking sequences. 
The Rb”°?8 substrate Keat/Ky, but not the 
Rb” 8 substrate keat/Km, decreased upon 
addition of p27 (fig. S4B), and the kinetics of 
the trimer activity toward both Rb substrates 
was similar (Fig. 3G). These observations indi- 
cate that even in the active complex, p27 in- 
hibits CDK4 activity toward some substrates 
by occluding the docking site in CycD (Fig. 2A). 


Structural mechanism of p27-CDK4-CycD 
activation by tyrosine phosphorylation 


We solved the structure of a phosp27-CDK4- 
CycD1 complex to determine how tyrosine phos- 
phorylation relieves p27 inhibition (table S1). 
Tyr“ was in a position similar to that in the 
unphosphorylated trimer, but there was clear 
electron density for the phosphate (Fig. 4, A 
and B, and fig. S6). Tyr” is part of an aroma- 
tic cluster in p27 D2 that binds the CDK4 
N-lobe. The structural data predict that Tyr“ 
phosphorylation would weaken this associa- 
tion by destabilizing the hydrophobic inter- 
face between Tyr“ and the N-lobe of CDK4 
(Fig. 4, A and B). In p21, a phenylalanine 
(Phe®”) is in the position of Tyr“ in p27 such 
that the p21 D2 domain would remain bound 
without the addition of a phosphate (Figs. 1C 
and 4C). 

In a structure we solved of the trimer con- 
taining p27 with phosphomimetics (table S1), 
temperature B-factors were ~10 to 20 A? higher 
for side chains in the aromatic cluster in D2 
and the electron density was weaker around 
Trp™ and Glu” (fig. S6). The higher B-factors 
and weaker density are consistent with lower 
D2 occupancy and higher disorder. Deletion of 
the D2 domain from p27 or mutation of the 
tyrosines to glutamate phosphomimetics gen- 
erated a trimer complex that phosphorylated 
Rb” %8 (Fig. 4D and fig. $7). Solution studies 
with p27 binding to CDK2-CycA demonstrate 
that phosphorylation of Tyr™ results in loss 
of interactions between the D2 domain of p27 
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Fig. 3. p27 induces structural changes A 
that promote ATP coordination and 
processing. (A to D) Structural alignment 

of CDK4-CycD1 with p27 (gold-cyan) and 

without p27 (red, PDB code 2W96) reveals 
movement of both the CDK4 N-lobe and 

CycD1 domains relative to the CDK4 C-lobe. 

(E) Phosphorylation of purified Rb’”*92° 

with [°@P]ATP and the indicated dimer 

(K4D1/-) or trimer complex. (F and G) 
Steady-state kinase assays measuring 

effects of ATP concentration on initial 

reaction rate, as measured by incorporation 

of [°@P]ATP. Reactions include CDK4 dimer C 
(K4D1/-) or active trimer (K4D1/phosp27) 

and the indicated substrate. 
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and the N-lobe of CycA (44). Together these re- 
sults support a model in which phosphorylation 
or phosphomimetics weaken the affinity of the 
D2 domain for the CDK4 N-lobe, allowing for 
the formation of the Gly loop and activation of 
the kinase. The activation segment was not ho- 
mogeneously phosphorylated in our structure 
(fig. S2B), so we cannot rule out the possibility 
that activation segment phosphorylation and 
the ultimate repositioning of the C helix also 
play a role in removing the D2 domain from 
the N-lobe. 

Tyr®® and Tyr®° were disordered in all the 
p27-CDK4-CycD1 crystal structures, and the 
CDKé4 trimer assembled with p27 containing 
a phosphomimetic at Tyr“ had similar (al- 
though slightly less) activity to that of the en- 
zyme assembled with phosphomimetics at all 
the tyrosines (Fig. 4D). Thus, Tyr“ phospho- 
rylation appeared to be nearly sufficient for 
p27 activation of CDK4, although the data in- 
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dicate that there may have been some contri- 
bution from Tyr®?/Tyr®? phosphomimetics in 
the p27 triple glutamate mutant (Fig. 4D). This 
mechanism for turning off p27 inhibition is 
different from the mechanism in CDK2, in 
which phosphorylation of p27 Tyr®® and Tyr®? 
is necessary for ejection of a p27 3)9 helix from 
the catalytic site (fig. SIC) (45). These phos- 
phorylation sites in p27 and the corresponding 
site in p21 (Tyr”) are located in a sequence 
that remains disordered upon CDK4 binding 
(Fig. 1C), which is consistent with their weaker 
role in the mechanism of CDK4 activation. 
The more important role of the Tyr“ phos- 
phorylation site also explains the observed poor 
activity of Brk-phosphorylated p21 complexes 
(Fig. 3E), as p21 lacks a tyrosine at the equiv- 
alent position of Tyr in p27 (Figs. 1C and 4C). 
We conclude that although p21, like p27, primes 
CDK4 for catalysis by releasing the activation 
segment, p21 tyrosine phosphorylation does 
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not relieve D2 inhibition, and the complex re- 
mains mostly inhibited. 


p27-CDK4-CycD1 complexes are insensitive to 
CDK4/6-specific inhibitors 


The structural changes in the kinase N-lobe 
that are induced by p27 binding indicate that 
palbociclib-type inhibitors should have poor 
potency toward active CDK4 trimer complexes 
(Fig. 5A). The “gatekeeper” residue Phe”? in 
B5 and also Ala®’ in B3 are rotated away from 
making contacts with the C5-methyl and 
C6-acetyl groups in the pyridopyrimidine scaf- 
fold of palbociclib (46, 47). We tested the effects 
of palbociclib, ribociclib, and abemaciclib on 
the activity of the reconstituted CDK4 enzyme 
complexes (Fig. 5B and fig. S8A). All three com- 
pounds inhibited Rb””°”* phosphorylation by 
CDK4-CycD1 dimer (K4D1/-), as expected; 
however, the active phosp27-CDK4-CycD1 tri- 
mer (K4D1/phosp27) was relatively insensitive 
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Fig. 4. Tyr” phosphorylation disrupts the p27 D2-CDK4 interface. 
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A to C) Comparison of CDK4-CycD1 structures with unphosphorylated p27 (A), phosphorylated 


p27 (B), and p21 (C). (D) [°2PJATP phosphorylation of Rb’”*92° using K4D1 dimer or trimer enzymes assembled with the indicated p27 kinase inhibitory domain 
construct (residues 25 to 93). 3E contains three glutamate phosphomimetics at Tyr’*, Tyr®®, and Tyr®?. AD2 contains p27 residues 25 to 60, and therefore 


lacks the D2 CDK4-binding domain. 


to the drugs, with apparent inhibition con- 
stants of ~10 uM or higher. We measured the 
binding affinity of palbociclib for CDK4 com- 
plexes by isothermal titration calorimetry (ITC). 
The drug bound only CDK4 monomer and 
K4D1/- dimer tightly. Consistent with our 
structural and kinetic data, we detected no 
affinity for K4D1/phosp27 trimer (Fig. 5C 
and fig. S8B). We also measured binding of 
p27 to CDK4 monomer and found no affinity if 
the enzyme was first saturated with palboci- 
clib (Fig. 5C and fig. S8C). These data 
demonstrate that binding of p27 and of 
palbociclib to CDK4 are mutually exclusive. 


Palbociclib does not inhibit endogenous 
CDK4 activity 


We tested whether the activity of endoge- 
nous cellular CDK4 complexes is inhibited 
by palbociclib. We immunoprecipitated p27 
complexes from MCF7, MDA-MB-231, and 
T98G cells. MCF7 and MDA-MB-231 cells are 
Rb-positive and palbociclib-sensitive breast 
cancer cells that differ in estrogen receptor 
(ER) status (46). T98G cells are Rb (+) and ER 
(-) glioma cells that are relatively less sensi- 
tive to palbociclib (see below). The immuno- 
precipitates phosphorylated purified Rb””°7* 
in the [?’PJATP assay; however, the activity 
was insensitive to palbociclib that was added 
to the kinase reactions (Fig. 5D). We consi- 
dered that this palbociclib-insensitive activity 
might be from CDK2. Although cellular CDK2 
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complexes with p27 are thought to be inac- 
tive (32), we found that reconstituted K2A/ 
phosp27 complexes phosphorylated Rb (fig. 
S5C). However, the p27 immunoprecipitate ac- 
tivity was also not inhibited by the CDK2 in- 
hibitor dinaciclib, and therefore the immuno- 
precipitate likely contained a CDK4 activity 
and not a CDK2 activity (fig. S9). 

To test the entire cellular pool of CDK4 ac- 
tivity, we immunoprecipitated CDK4 from the 
same cell lines using an antiserum raised 
against the CDK4 C terminus, which contains 
a sequence distinct from CDK2 (48). Palbociclib 
also poorly inhibited the immunoprecipitated 
CDK4: kinase activity (Fig. 5E), which is con- 
sistent with previous observations that CDK4 
activity arises from trimer complexes (25, 31-37) 
and our observation that the trimer is insen- 
sitive to the drug (Fig. 5B). 


An ATP-site occupancy probe targets CDK4 
monomers in cells 


To examine the association of an inhibitor with 
endogenous CDK4 complexes, we treated MCF7 
and MDA-MB-231 cells with the covalent ATP- 
site occupancy probe XO044 (49). XO44 labeled 
both CDK4 and CDK2 in these cells and could 
be detected by a gel shift upon coupling to an 
analysis probe (Fig. 6A and fig. S10, A and B). 
Although XO44 labeled most CDK2 and the 
mitotic kinase Aurora B (fig. S10A), it labeled 
only ~40 to 60% of CDK4 even at high con- 
centrations, indicating that a resistant pop- 
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ulation of the protein exists. CDK4 labeling 
in cells was inhibited by palbociclib (Fig. 6B 
and fig. S10C); this finding shows that XO44 
and palbociclib bind the ATP site competitively 
and that the population of CDK4 that is tar- 
geted by X044 is also targeted by palbociclib- 
type inhibitors. XO44 labeled recombinant 
CDK4: efficiently in dimer complexes but not 
in unphosphorylated or phosphorylated trimer 
complexes (Fig. 6C). 

We treated cells with XO44 and palbociclib 
and fractionated the lysates with size-exclusion 
chromatography (Fig. 6D and fig. S10D). We 
observed CDK4 in high-molecular size frac- 
tions comigrating with Hsp90 and Cdc37 (e.g., 
fractions 5 and 6), in mid-size fractions with 
CycD1 and p27 (fractions 9 and 10), and in low- 
size fractions that likely contain monomers 
(fractions 15 and 16) (34, 36). Consistent with 
ATP-competitive probes sequestering obligate 
Hsp90-client kinases from the chaperone sys- 
tem (20, 50), we observed a reduction in the 
abundance of large-sized, putatively Hsp90/ 
Cdc37-bound CDKé4 in extracts from XO44- 
and palbociclib-treated cells. We also detected 
greater quantities of CDK4 in small-sized 
monomer fractions upon treatment with either 
compound, and only the CDK4 population ob- 
served in these fractions was labeled with XO44: 
(Fig. 6D, fractions 15 and 16, XO-44 + click). 
Considering that CDK4 inhibitors do not as- 
sociate with CDK4 bound by INK proteins (57), 
we propose that the tested inhibitors primarily 
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Fig. 5. Palbociclib does not A 
bind and poorly inhibits 
purified and endogenous CDK4 
trimer complexes. (A) K4D1 
dimer (PDB ID 2W96) and the 
phosp27-K4D1 trimer structures 
were aligned with palbociclib- 
bound CDK6 (PDB ID 2EUF, not 
shown) to model the position and 
interactions of the drug when 
bound to CDK4. (B) [°2PJATP 
phosphorylation of Rb’”19?8 using 
CDK4-CycD1 dimer (K4D1/-) 

and phosp27-CDkK4-CycD1 trimer 
(K4D1/phosp27) enzymes in 

the absence (leftmost lane in 
each titration) and presence of 
increasing inhibitor concentra- 
tions (see fig. S8A for quantifica- Cc 
tion). Each drug is dosed from 
0.2 uM to 16.2 uM in factor 

of 3 increments. (C) ITC affinities 
for palbociclib (left) or p27 
(right) titrated into the indicated 
enzyme. (D) The indicated cell 
lysates were immunoprecipitated 
with control or with p27 antibody, D 
and the activity of the immuno- 
precipitate was used to phospho- 
rylate Rb’7!9?8 with [°@PJATP in 
the absence or presence of 
palbociclib. Reactions with the 
indicated recombinant dimer 
(K4D1/-) or trimer (K4D1/ 


phosp27) enzymes are shown MDA-MB-231 
for comparison in the first four 
lanes. (E) As in (D), except T98G 


lysates were precipitated with 
antiserum raised against a 
CDK4 C-terminal peptide. 


bind CDK4 monomers in cells and increase the 
abundance of the inactive monomer population. 

We synthesized a palbociclib analog linked 
to biotin, and we used it to precipitate CDK4/6 
from cell extracts to determine which proteins 
exist in the complexes targeted by palbociclib- 
type inhibitors (Fig. 7A). Consistent with our 
activity and ITC binding assays, the palbociclib- 
biotin precipitated recombinant CDK4-CycD1 
dimer but not recombinant p27-CDK4-CycD1 
trimer (Fig. 7B). Strikingly, in breast cancer 
cell lysates, the palbociclib-biotin strongly pre- 
cipitated CDK4 and CDK6 but did not preci- 
pitate any detectable p21 or p27 (Fig. 7, C and 
D). This observation further demonstrates that 
the drug does not bind trimer complexes with 
p21 and p27 in these cells. A faint band repro- 
ducibly appeared in the CycD1 blot, indicating 
that there may be some small population of 
dimer complexes targeted by the drug. How- 
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? 
K4D1-phos27 ¢ ‘ 
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ever, we conclude that monomer CDK4 and 
monomer CDK6 are the predominant targets 
of palbociclib in these cells. 


Palbociclib-induced cell cycle arrest coincides 
with loss of CDK2 but not CDK4 activity 


We treated cells with palbociclib for 48 hours, 
which, similar to previous descriptions, led to 
strong arrest of the breast cancer cells and to 
weaker arrest of T98G cells, as determined by 
5-ethynyl-2-deoxyuridine (EdU) incorporation 
and propidium iodide staining (52, 53) (Fig. 8A 
and fig. S11). Endogenous CDK4 and CycD1 
complexes retained kinase activity despite 
the cells arresting with drug treatment (Fig. 
8B and fig. S12A). This similar activity in 
palbociclib-treated cells was observed despite 
increased levels of CycD1 (Fig. 8C and fig. S12B) 
(52). In contrast, CDK4 complexes immuno- 
precipitated from serum-starved NIH/3T3 cells 
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lack Rb-directed kinase activity (fig. S12C), and 
the lack of activity coincides with reduced 
CycD1 levels. In the breast cancer cells tested, 
we did not observe palbociclib inhibiting 
CDK4- or CycD1-associated kinase activity, 
which is consistent with the lack of suscep- 
tible dimer complexes that could be detected 
in their lysates (Fig. 6D and Fig. 7, C and D). 

Unlike CDK4 complexes, CDK2 complexes 
that were immunoprecipitated from the breast 
cancer cells had diminished activity after 
48 hours of palbociclib treatment (Fig. 8B). 
CDK2 inhibition at this drug concentration is 
likely indirect (5, 46), resulting at least in part 
from lower levels of CycA (Fig. 8C) (52). We 
also observed evidence for an increase in p21 
but not p27 in CDK2-CycE complexes (Fig. 8, C 
and D, and fig. S12, D and E). In reciprocal 
coimmunoprecipitation experiments, addi- 


tional p21-CycE association was detected after 
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Fig. 6. The ATP-site occupancy probe X044 labels monomer CDK4 in MCF7 
cells. (A) Labeling of endogenous CDK4 and CDK2 by the promiscuous 
covalent ATP-site probe XO44. MCF7 cells were treated with DMSO vehicle or 
X044 at the indicated concentrations for 30 min. Lysates were subjected to 
click reaction with TAMRA-azide to visualize X044 labeling of proteins by gel 
mobility shift. (B) Palbociclib competes with XO44 for CDK4 binding but not 
CDk2 binding. Experiment performed as in (A), but cells were pretreated 

for 60 min with DMSO, a nonclickable analog of XO44 (XO-nc), or increasing 
concentrations of palbociclib. (©) XO44 efficiently labels purified recombinant 
CDK4-CycD1 dimer but not trimer complexes with p21 or p27, as determined by 


48 hours. We could not detect p27 in the CycE1 
IP with or without palbociclib treatment, so 
we cannot determine whether p27 also plays a 
role in down-regulating the CDK2-CycE activ- 
ity. We conclude that palbociclib treatment 
indirectly leads to CDK2 inhibition and that 
this CDK2 inhibition, and not CDK4: inhibi- 
tion, correlates with cell cycle arrest. 
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Discussion 

CIP/KIP proteins were first characterized as 
CDK inhibitors, in particular as potent inhibitors 
of CDK2-CycA/E (25, 54-58). In contrast, other 
evidence implicated noninhibitory roles for 
p21 and p27 in mediating CDK4-CycD func- 
tion, including complex assembly and nuclear 
localization (31, 37). Moreover, the observations 
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electrospray ionization mass spectrometry. Protein complexes were treated with 
DMSO or XO44. Average percent labeling was determined for three replicates; 
error bars denote SD. (D) Asynchronous MCF7 cells were treated with DMSO, 
X044 (2 uM, 30 min) or palbociclib (500 nM, 4 hours), and lysates were 
fractionated using Superdex200 size-exclusion chromatography. XO44 labeling 
was monitored by gel mobility shift after click reaction with TAMRA-azide 
(“X044 click”). Normalized quantifications of band signals from the Western 
blots using the indicated antibody are shown. A benchmark chromatography 
experiment using the recombinant protein complex is displayed at the bottom of 
the panel. See fig. S10 for data using MDA-MB-231 cells. 


that active CDK4-CycD tolerated the presence 
of p27 and that Rb-directed kinase activity in 
cells contained p27 led to models that CDK4- 
CycD may titrate inhibitory p27 away from 
CDK2 (25, 33, 37, 59). Our data demonstrate 
that p27 is not merely a noninhibitor, but in 
fact allosterically activates CDK4-CycD, re- 
modeling the kinase to increase the catalytic 
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Fig. 7. Palbociclib directly targets CDK4/6 monomer in cell lysate. (A) Chemical structure of palbociclib-biotin synthesized here. (B) Palbociclib-biotin 
precipitated purified recombinant CDK4-CycD1 dimer, but not p27-CDK4-CycD1 trimer. (© and D) MCF7 or MDA-MB-23] cell lysates were used in a precipitation 
reaction with palbociclib-biotin. A CycD1 antibody was also used to precipitate CDK4/6 from cell lysates to compare the total pool of CycD1 complexes to 


palbociclib-bound complexes. 


efficiency of ATP processing. Our structural 
data demonstrate that this effect is specific 
to CDK4 (versus CDK2) and is primarily in- 
duced by Tyr“ phosphorylation in p27. Al- 
though p21 also acts as an assembly factor for 
active CDK4-CycD1 (31), p21 contains a phenyl- 
alanine at a position equivalent to that of Tyr“ 
(Figs. 1C and 4C), and p21 trimer complexes 
cannot be activated by D2 displacement as in 
p27. As a result, phosphorylated p21 trimer 
complexes have relatively less activity than 
phosphorylated p27 complexes. 

The catalytic efficiency of the phosp27-CDK4- 
CycD1 trimer was greater than the catalytic ef- 
ficiency of the dimer for most of the substrates 
we investigated (Fig. 3G). The requirement of 
p27 for efficient phosphorylation may explain 
why fewer cell cycle substrates have been id- 
entified for CDK4/6 than for (e.g.) CDK2, and 
why it has been thought that Rb is a preferred 
CDK4/6 substrate (12, 14, 15, 17, 18). Additional 
CDK4/6 substrates have been identified more 
recently (13, 60, 67), and it will be important to 
explore the role of p27 in their regulation by 
CDK4/6 phosphorylation. Our observation that 
the CDK4-CycD1 dimer catalytic efficiency was 
dependent on the last ~50 amino acids of Rb is 
consistent with reports of a CDK4 docking site 
in the Rb C-terminal domain (/7, 18). Docking 
allows Rb to more tightly associate with the 
dimer and be phosphorylated even when ATP 
affinity is so low. In contrast, we observed that 
the trimer activity did not depend on a sub- 
strate docking sequence, which suggests that a 
role of p27 activation may be to broaden CDK4 
substrate specificity. Our data also implicate a 
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competitive association between Rb and p27 
for CDK4-CycD and indicate that p27 still func- 
tions to temper Rb-directed CDK4 activity even 
in the context of active trimer complexes. 

CDK4/6-specific inhibitors were developed 
through optimizing potency and selectivity 
toward CDK4-CycD dimer, despite evidence 
that the physiological complex contains CIP or 
KIP family inhibitors such as p27 (25, 31-37, 46). 
Our data demonstrate that active recombinant 
CDK4 complexes containing p27 are not sensi- 
tive to these inhibitors and that palbociclib 
does not associate with active endogenous p27 
trimer complexes. Moreover, we did not detect 
inhibition of CDK4 activity in drug-arrested 
breast cancer cells, and we did not robustly 
detect CDK4-CycD1 dimer complexes in cell 
lysates. Still, we recognize that dimer inhibi- 
tion may occur in some contexts and that 
some small population of dimer may be tar- 
geted even in the breast cancer cells tested 
here. In light of the differences between dimer 
and trimer response to CDK4/6 palbociclib- 
type inhibitors in vitro, it will be important to 
explore how the balance of dimer and trimer 
complexes may influence sensitivity to drugs 
in cells or in vivo. 

Our data implicate an additional mechanism 
toward cell cycle arrest in which palbociclib 
associates with CDK4 monomer instead of 
binding and inhibiting CDK4 dimer or trimer 
activity. One outcome is that the population of 
CDK4 monomer increases, and it is possible 
that this CDK4-palbociclib complex is recog- 
nized and induces a response, such as the de- 
crease in CycA abundance (52) or an increase 
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of p21 in CDK2-CycE complexes. Both of these 
outcomes correlate with our observed lower 
CDK2 activity. A reported CDK4/6 degrader 
drug is not as effective as palbociclib in inhib- 
iting Rb phosphorylation (62), and, a recent 
study finds that cells expressing a catalytically 
inactive CDK4 are arrested when treated with 
palbociclib (63). These results perhaps reflect 
the fact that palbociclib-induced cell cycle ar- 
rest does not require inhibition of CDK4 ac- 
tivity but alternatively results from indirect 
inhibition of CDK2. This indirect role of CDK4 
in modulating CDK2 activity is consistent with 
observations that CDK4-CycD expression can 
activate CDK2 through sequestration of p27 
and without the requirement of CDK4: cataly- 
tic activity (25, 58). 

We note the similarity of this mechanism of 
palbociclib inhibition to that of the p16-INK 
family of CDK4 protein inhibitors, which se- 
quester inactive monomer CDK4 (Fig. 8E). The 
ability of palbociclib to mimic p16 may in part 
explain why cells lacking p16 are often most sen- 
sitive to palbociclib-type inhibitors (52, 53, 64, 65). 
We suggest that, similar to the downstream 
effects of p16, accumulation of CDK4 monomer 
upon palbociclib treatment indirectly lowers 
CDK2 activity, potentially through the shuttling 
of p21 to CDK2 complexes (25, 36, 66, 67). In 
cycling cells, this drug-induced reorganization 
of CDK complexes may occur when p21 is re- 
synthesized after its degradation before S phase 
and/or when CycD1 is low in S phase and 
would lead to cell cycle arrest (68). The target- 
ing of an inactive kinase, rather than inhibi- 
tion of assembled kinase activity, may apply to 
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Fig. 8. Palbociclib indirectly leads to down-regulation of CDK2 through p21. 
(A) Cell cycle profiling of the cell lines used in this study upon treatment with 
500 nM palbociclib for 4 or 48 hours or without drug treatment. Cells were assayed 
for EdU incorporation as a marker of S phase at the different time points after 
drug treatment. The fraction of cells showing EdU staining is reported. EdU 
incorporation in cells that were serum-starved (serum free) for 48 hours is also shown 
for comparison. (B) Cells were treated with palbociclib as indicated for 48 hours, 
and lysates were immunoprecipitated with CDK4 antiserum or a CDK2 antibody. 


other kinase therapeutic targets as well (69), 
and we note that Gleevec (imatinib) similarly 
inhibits an inactive conformation of the Abl 
kinase (70). 


Materials and methods 

Recombinant protein expression 

Full-length human CDK4, CDK6, cycD1, p21, 
p27, and Brk were expressed and purified from 
Sf9 cells. CDK4, CDK6, p21, p27, and Brk were 
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expressed as GST fusion proteins. CycD1 was 
coexpressed with other components untagged. 
Lysates were first purified by GS4B affinity 
chromatography. Proteins were then eluted 
from the resin and subject to Source 15Q (GE 
Healthcare) anion exchange chromatogra- 
phy. The elution fraction was then subjected 
to TEV protease cleavage overnight in 25 mM 
Tris pH 8.0, 200 mM NaCl, 1 mM DTT, 0.5 mM 
EDTA. The protein was then passed over GS4B 
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P| inactive CDK2 


IP IgG IP CycE1 500 nM 
4 Palbociclib (48hr) 


a-CDK2 


D 


Activity of the immunoprecipitated complexes was assayed as in Fig. 5, D and E. 

(C) CycDI1-, p27-, and p21-associated complexes were immunoprecipitated from MCF7 
cells treated with palbociclib for the indicated time, and proteins were detected by 
Western blot. (D) CycE1 was immunoprecipitated from MCF7 cells treated with 
palbociclib for 48 hours. (E) Model for trimer assembly and CDK4 inhibition by palbociclib. 
Like p16 family CDK4 inhibitors, palbociclib binds monomer CDK4 and indirectly leads 
to inactive CDK2 complexes. Although not observed in the breast cancer cells studied 
here, there may be some contexts in which palbociclib also targets CDK4 dimers. 


affinity resin again to remove free GST, con- 
centrated, and stored in a buffer containing 
20 mM Tris pH 8.0, 200 mM NaCl, 1 mM DTT, 
and 20% glycerol. CDK2-CycA was expressed 
in E. coli and purified as described (71). 


Phosphorylation of p21 and p27 


Recombinant p21 and p27 were expressed as a 
GST fusion in £. coli and purified as described 
above. Purified proteins were treated with 10% 
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GST-Brk (by mass) in a buffer containing 50 mM 
Tris pH 8.0, 150 mM NaCl, 1 mM DTT, 10 mM 
MgClo, and 1 mM ATP and incubated at 4°C 
for 24 hours. The phosphorylated p21 or p27 
was purified by passing through GS4B affinity 
resin and eluted from a Superdex 75 column 
(GE Healthcare) in a buffer containing 25 mM 
Tris pH 8.0, 100 mM NaCl, and 1 mM DTT. 
The extent of phosphorylation was confirmed 
using electrospray mass spectrometry on a 
SCIEX X500 QTOF spectrometer. 


Crystallization, data collection, structure 
determination, and model refinement 


For crystallization, human CDKé4 residues 1-303 
(AG45-G47, G43E, G44E), truncated cycD1 (16- 
267), p27 kinase-inhibitory domain (p27; 
25-93), and the p21 kinase-inhibitory domain 
(p21%™; 14-81) were prepared as described 
above. The CDK4 contains mutations in a 
glycine-rich sequence that mimic CDK6 and 
were required for crystallization (0, 11). The 
CDK4 complexes were prepared for crystalli- 
zation by elution from a Superdex 200 column 
(GE Healthcare) in a buffer containing 10 mM 
Tris pH 8.0, 100 mM NaCl, and 1 mM DTT. 
The p27-CDK4-CycD1, p27(3E)-CDK4-CycD1, 
and p21-CDK4-CycD1 complexes were crystal- 
lized from a 10 mg/ml solution by microbatch 
method under Al’s oil at 22°C. Rods formed 
after 3 days in 100 mM Tris, 10% PEG 8000, 
and 200 mM MgCl, pH 7.0. Crystals were cryo- 
protected in reservoir solution supplemented 
with 25% glycerol and cryo-cooled in liquid 
nitrogen. 

The phosp27-CDK4-CycD1 complex was pre- 
pared for crystallization by mixing 3:1 molar 
ratio of phosphorylated p27 and CDK4-CycD1 
dimer followed by elution from a Superdex 
200 column in a buffer containing 10 mM Tris, 
100 mM NaCl, and 1 mM DTT, pH 8.0. The 
complex was crystallized from a 10 mg/ml so- 
lution by sitting drop vapor diffusion method 
at 22°C. Rods formed after 3 days in 100 mM 
Tris, 17% PEG 3350, 100 mM CaCly, and 10 mM 
MgCl, pH 7.0. Crystals were cryo-cooled in the 
reservoir solution supplemented with 25% 
glycerol. 

Data were collected at the Advanced Light 
Source, Laurence Berkeley National Laboratory 
at beamline 8.3.1. Diffraction spots were integ- 
rated using MOSFLM (72), and data were merged 
and scaled using Scala in the CCP4 software 
package (73, 74). The structure of the p27-CDK4- 
CycD1 trimer was first determined by molecular 
replacement using Phaser and the CDK4-CycD1 
dimer as a search model (PDB ID 2W9F) (75). 
A model for p27 was then built into the extra 
electron density with Coot (76), and the model 
was refined with Phenix (77). Models for the 
CDK4-CycD1 trimer complexes containing 
phosp27, p27(3E), or p21 were then built and 
refined starting from the unphosphorylated 
p27 structure. 
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Western blots and antibodies 

Details on the antibodies used and the pro- 
cedures for Western blotting can be found in 
the supplementary materials. 


Kinase assays 


Recombinant CDK4 (0.5 uM), CDK2 (0.5 uM), 
or CDK6 (1 uM) complexes were mixed with 
substrate (30 uM) in a kinase buffer contain- 
ing 25 mM Tris pH 8.0, 200 mM NaCl, 10 mM 
MgCl, 1 mM DTT, 250 uM ATP (or as indi- 
cated), and 100 pCi of [°’P]y-ATP. Substrate 
was diluted into the reaction buffer, and the 
reaction was initiated by addition of ATP. Re- 
actions were quenched after 30 min by addi- 
tion of SDS-PAGE loading buffer. Independent 
time-course experiments confirmed that phos- 
phate addition is still linear with time beyond 
45 min using our experimental conditions. 
SDS-PAGE gels were imaged with a Typhoon 
scanner and bands quantified using the ImageJ 
software package. For each assay, three rep- 
licates were performed. We note that our 
measured K; values for the inhibitors on K4D1/- 
(Fig. 5B and fig. S8A) are consistent with our 
ITC-measured Kg value for palbociclib (Fig. 5C) 
but are higher than IC; values previously re- 
ported (4, 7, 46). We believe the difference is 
due to the higher ATP concentration in our 
assay, which we chose to be closer to the ATP 
Ky for K4D1/-. 

For the activity assays using immunopre- 
cipitation of endogenous CDK4, CDK2, or p27 
complexes, 1 mg of whole-cell extract was im- 
munoprecipitated with 2 ug of anti-p27 anti- 
body (SCBT DCS-72), 2 ug of anti-CDK2 antibody 
(SCBT D-12), or 20 ul of CDK4 antiserum to 
C-terminal peptide (gift of C. Sherr, St. Jude 
Children’s Research Hospital) (48) and 25 ul of 
protein A/G PLUS beads (SCBT) for 2 hours at 
4°C. The beads were then washed 3 times with 
50 mM Tris pH 7, 150 mM NaCl, 1 mM DTT, 
and 5% glycerol. The final wash was per- 
formed in kinase buffer and the reaction was 
performed with the recombinant substrate 
while the enzyme complexes were on the beads. 

For the activity assays using immunopreci- 
pitated CycD1 complexes, MCF7 cells were 
lysed with lysis buffer containing 50 mM 
Tris-HCl pH 7.5, 150 mM NaCl, 0.1% NP-40, 
10 mM DTT, 10% glycerol, 1x Halt protease 
inhibitor (Thermo Fisher), and 1 mM PMSF. 
5 ug of anti-CycD1 (Invitrogen; MA5-12707) 
was incubated with 300 ug of the lysate over- 
night at 4°C. Normal mouse IgG1 (Cell Signal- 
ing Technology, 5415) was used as a control. 
Protein G-agarose beads were added to each 
of the IP samples and incubated up to 4 hours 
at 4°C. Protein immunocomplexes were washed 
3 times with the lysis buffer and 2 times with 
kinase reaction buffer (50 mM HEPES-KOH 
pH 7.5, 20 mM MgCl, 1 mM DTT). Kinase 
reactions were carried out in 100 ul of kinase 
buffer in the presence of 2 mM ATP and 0.5 ug 
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of recombinant Rb C-terminal domain as sub- 
strate by gently shaking at room temperature 
up to 1 hour. The resulting phosphorylated Rb 
protein was detected by Western blotting using 
anti-p-Rb (S780) antibody (Cell Signaling Tech- 
nology, 9307L). 

Activity assays with immunoprecipitated 
CycE1 complexes were performed similarly, 
but the lysis buffer contained 50 mM HEPES- 
KOH pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM 
DTT, 0.1% Tween-20, 1x Halt protease inhib- 
itor, and 1 mM PMSF. Immunoprecipitation 
was performed with an anti-CycE1 antibody 
(Santa Cruz Biotechnology; SC-377100) as de- 
scribed for CycD1. The kinase reactions were 
performed in 100 ul of kinase buffer (40 mM 
Tris-HCl pH 8.0, 20 mM MgClo, 0.1 mg/ml 
BSA, 50 uM DTT) in the presence of 2 mM 
ATP and 0.5 ug of Rb protein as substrate by 
gently shaking at room temperature up to 
1 hour. The resulting phosphorylated Rb pro- 
tein was detected by Western blotting using 
anti-p-Rb (S807/S811) antibody (Cell Signaling 
Technology, 8516S). 


X044 labeling assays 


X044 labeling was carried out as described (49) 
with some modifications. Live adherent cells 
were labeled by incubation with 2 uM X044 at 
37°C for 30 min. Cells grown in 15-cm dish 
format to be analyzed by gel filtration were 
harvested as described below. Cells grown in 
6-well plate format (seeded at 500,000 cells 
per well and allowed to recover for ~20 hours) 
to be analyzed by Western blot were then 
washed twice with cold PBS, perturbed and 
lysed in place with 80 ul of lysis buffer con- 
taining 100 mM HEPES pH 7.5, 150 mM NaCl, 
0.1% NP-40, 1x cOmplete EDTA-free protease 
inhibitor cocktail and 1x PhosSTOP phospha- 
tase inhibitor cocktail (both Roche). Lysates 
were clarified by centrifuging at 20,000g for 
20 min, then normalized to 2.5 mg/ml protein 
concentration using the Pierce Rapid Gold BCA 
assay (Thermo). 20.75 ul of lysate was treated 
with 4.25 ul of a master mix to give final con- 
centrations of 1% SDS, 50 uM TAMRA-azide 
Gn DMSO), 1 mM TCEP, 100 uM TBTA (in 1:4 
DMSO:t-butyl alcohol) and 1 mM CuSO, The 
resulting mixture was incubated at room tem- 
perature for 1 hour before being quenched 
with 5 ul of 6x SDS loading buffer and analy- 
zed by Western blot as described above. The 
TAMRA dye was used to add mass to X044- 
labeled CDK4, so the X044 modification is 
observable as a gel shift by using SDS-PAGE. 


Gel filtration assay 


Gel filtration assays on crude cell lysates were 
performed as described (36) with modifica- 
tions. Cells were seeded on 15-cm dishes at 
10 million cells per dish and allowed to recover 
for ~20 hours before treatment with compounds 
as indicated and harvesting by washing with 
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PBS followed by trypsinizing, pelleting and 
two further washes with cold PBS. Pellets of 
~25 million cells were lysed in buffer contain- 
ing 50 mM Tris pH 7.5, 150 mM NaCl, 1% NP- 
40, 10% glycerol, 1 mM EDTA plus cOmplete 
EDTA-free protease inhibitor cocktail (Roche) 
on ice for 20 min. Lysates were then clarified 
by centrifuging at 18,000g for 2 x 15 min. In 
each case, 500 ul (5 mg) of lysate was incu- 
bated with DNase I (NEB, 1 unit/mg lysate) in 
1x DNase 1 reaction buffer (NEB) for 20 min 
on ice and briefly clarified again by centrifug- 
ing for 5 min. Samples were then loaded on a 
Superdex200 Increase 10/300 GL column pre- 
equilibrated in 50 mM HEPES pH 7.5, 150 mM 
NaCl, 1% NP-40, 10% glycerol. The column was 
eluted for 1.25 column volumes at 0.35 ml/min 
and 0.5-ml fractions were collected starting 
at 5 ml. Fractions 10 to 26 were analyzed by 
Western blot as described above. Samples of 
fractions from X044-treated cells were used 
in click reactions as described above. To bench- 
mark purified protein complexes, 0.8 ug of 
p27-CDK4-CycD1 trimer was diluted in 500 ul 
of HEPES buffer for loading. Gel filtration and 
Western blot analysis were performed as de- 
scribed above. 


LC-MS analysis of CDK4 covalent labeling 


Recombinant purified protein complexes (1 uM) 
were suspended in a buffer containing 20 mM 
HEPES, 150 mM NaCl, and 1 mM MgClo, pH 
7.5, and treated with XO44 (10 uM) or DMSO 
(1% (v/v) DMSO final). After 30 min at room 
temperature, reactions were stopped by the 
addition of 10% (v/v) formic acid to a final 
concentration of 2% (v/v) formic acid. The ex- 
tent of covalent labeling was assessed by LC-MS 
(Waters Xevo G2-XS QTof, ACQUITY UPLC 
Protein BEH C4 Column, 300 A, 17 um, 2.1 mm x 
50 mm). Deconvolution of multiply charged 
ions was performed using Waters MassLynx 
software (version 4.1). 


Palbociclib-biotin 


Details of the synthesis and characterization of 
palbo-biotin can be found in the supplemen- 
tary materials. For palbo-biotin precipitations, 
100 uM palbo-biotin was first incubated with 
streptactin beads in PBS for 30 min at room 
temperature. The beads were then washed 3x 
with PBS and resuspended in 1 mg of cell ex- 
tract in 50 mM HEPES pH 7.0, 150 mM NaCl, 
0.1% Tween-20, 1 mM DTT, 5% glycerol, 1x 
cOmplete EDTA-free protease inhibitor cock- 
tail and incubated at 4°C for 2 hours. Com- 
plexes bound to streptactin beads were eluted 
using 2x SDS buffer and subjected to immu- 
noblot analysis. For recombinant protein, the 
same protocol was followed except 2 ug of re- 
combinant protein was added to the beads 
in IP buffer with 1% BSA. 10 uM excess free 
palbociclib was added to the extract or puri- 
fied proteins where indicated. 
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Isothermal titration calorimetry 

Equilibrium dissociation constants were ob- 
tained using a Micro Cal VP-ITC at 15°C. For 
drug binding experiments, 40 uM purified 
CDK4-CycD1, phosp27(p27"?; 25-93)-CDK4- 
CycD1, and GST-CDK4 were dialyzed over- 
night in a buffer containing 25 mM Tris pH 
8.0, 200 mM NaCl, and 5 mM BME. Proteins 
were titrated with 0.5 mM palbociclib dissolved 
in the same buffer. For measurement of p27 
(p27™"?; 25-93) binding to GST-CDK4, proteins 
were eluted in separate runs from a Superdex 
200 column equilibrated in a buffer contain- 
ing 25 mM Tris pH 8.0, 200 mM NaCl, and 
5 mM BME. 250 uM p27 was titrated into 
40 uM GST-CDK4: in the absence and presence 
of 50 uM palbociclib. 
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INTRODUCTION: The gut microbiota produce 
hundreds of molecules that are present at 
high concentrations in circulation and whose 
levels vary widely among humans. These mol- 
ecules are a promising starting point for 
studying the mechanisms of microbiome-host 
interactions; the few that have been character- 
ized in detail have potent immune or metabo- 
lism modulatory activity and are ligands for a 
G protein-coupled receptor or nuclear hormone 
receptor. However, in most cases, molecule pro- 
duction has not been linked to specific bacterial 
strains or metabolic pathways and unraveling 
the contribution of each molecule to host biol- 
ogy remains difficult. 


RATIONALE: A general system to knock out the 
production of microbiome-derived molecules 
in host tissues would enable interrogation of 
the mechanisms by which they modulate host 
biology and disease processes. Such a system 
has been elusive owing to limitations in the 
genetic manipulability of bacterial species from 
the microbiome. Clostridium and its relatives, 
the anaerobic Firmicutes, have been especially 


difficult to manipulate. Because the anaerobic 
Firmicutes are the source of many molecules 
in this pool, their genetic intractability is a 
central challenge in studying microbiome- 
derived molecules. 


RESULTS: We describe a CRISPR-Cas9-based 
method for reliably constructing markerless 
deletions in a model commensal Clostridium: 
Clostridium sporogenes. Our system is recy- 
clable, enabling the construction of multiple 
mutated strains. We demonstrate the utility 
of this method by using it to knock out the 
production of 10 C. sporogenes-derived mol- 
ecules: trimethylamine, 5-aminovalerate, 
tryptamine, indole propionate, isovalerate, 
2-methylbutryate, isobutyrate, isocaproate, 
propionate, and butyrate; we validated each 
knockout by verifying the absence of the cor- 
responding metabolite in culture extracts by 
liquid chromatography-mass spectrometry or 
gas chromatography-mass spectrometry. We 
then colonized germ-free mice with wild-type 
C. sporogenes or one of five metabolite-deficient 
mutants, showing that the products of these 
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pathways accumulate in host tissues but are 
depleted one at a time in mice colonized by 
the corresponding pathway mutant. By compar- 
ing mice colonized by wild-type C. sporogenes 
versus a mutant deficient in the produc- 
tion of the branched short-chain fatty acids 
isobutyrate, 2-methylbutyrate, and isovalerate, 
we discovered a previously unknown immu- 
noglobulin A (IgA) plasma cell-modulatory ac- 
tivity of these abundant microbiome-derived 
molecules. 


CONCLUSION: New genetic systems for abun- 
dant bacterial species in the microbiome will 
enable a variety of mechanistic questions to 
be addressed. Among these, our method opens 
the door to interrogating, in a controlled way, 

the role of highly abun- 
dant chemicals from the 
Read the full article | Microbiome in host biol- 
at http://dx.doi. ogy. In addition, it could 


org/10.1126/ be useful in future efforts 
science.aavl282 of two varieties. First, its 
Piettead ata Me es cope could be expanded 


to other currently inaccessible Firmicutes, 
such as butyrate producers from Clostridium 
clusters IV and XIVa (e.g., Faecalibacterium 
prausnitzit) and the bile acid metabolizers 
C. scindens and C. hylemonae. Second, it could 
be used to control the molecular output of 
the microbiome by editing the genomes of 
metabolite-producing Firmicutes. 
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Deciphering the contribution of microbiota-derived molecules to host biology remains difficult. To help address this challenge, we introduce a new method 
for constructing markerless deletions in a model gut Clostridium, using it to knock out the production of 10 C. sporogenes—derived molecules (right). By colonizing 
germ-free mice with wild-type (WT) C. sporogenes versus a mutant (AporA) deficient in the production of branched short-chain fatty acids (SCFAs) (top left), we 
reveal an immune modulatory function of these molecules (bottom left). Error bars indicate standard deviation. 
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The gut microbiota produce hundreds of molecules that are present at high concentrations in the host 
circulation. Unraveling the contribution of each molecule to host biology remains difficult. We developed 
a system for constructing clean deletions in Clostridium spp., the source of many molecules from the gut 
microbiome. By applying this method to the model commensal organism Clostridium sporogenes, we 
knocked out genes for 10 C. sporogenes—derived molecules that accumulate in host tissues. In mice 
colonized by a C. sporogenes for which the production of branched short-chain fatty acids was knocked 
out, we discovered that these microbial products have immunoglobulin A—-modulatory activity. 


ut bacteria produce hundreds of diffus- 

ible molecules that are notable for four 

reasons: (i) Most have no host source, so 

their levels are determined predomi- 

nantly or exclusively by the microbiome. 
Gi) Many get into the bloodstream, so they can 
access peripheral tissues. (iii) They often reach 
concentrations that approach or exceed what 
a typical drug reaches, and the concentration 
range can be large—more than an order of 
magnitude in many cases—so they have the 
potential to cause biological differences among 
humans. (iv) Several of these molecules are 
known to be ligands for key host receptors; 
additional compounds from this category are 
candidate ligands for, for example, G protein- 
coupled receptors (GPCRs) and nuclear hor- 
mone receptors that play an important role 
in the host immune and metabolic systems 
(1). Thus, the gut microbiome is a prolific 
endocrine organ, but its output is not well 
understood. 

The biological activities of most of these mol- 
ecules remain unknown. One reason is that 
there has not been a general method for 
“toggling” one or more of them on or off in the 
host, akin to a gene knockout experiment 
in a model organism. Such a method would 
open the door to interrogating—and ultimately 
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controlling—one of the most concrete contri- 
butions gut bacteria make to host biology. 

Previous efforts that have sought to study 
an individual microbiome-derived molecule 
in the setting of host colonization have used 
two main strategies: First, a compound is 
administered by injection or gavage, which 
can offer insights into mechanism of action 
but suffers from the lack of a clean back- 
ground (i.e., existing physiologic levels of the 
molecule of interest) and the possible effects 
of differences in route and timing of admin- 
istration relative to the native context of gut 
bacterial production. Second, a bacterial spe- 
cies that produces the molecule is added or 
removed, which has the advantage of a more 
native-like context but makes it difficult to 
distinguish between molecule-induced pheno- 
types and other biological activities of the 
organism (2-4). 

The most precise format for interrogating 
a microbiome-derived molecule is to compare 
two organisms that differ only in its produc- 
tion. Such an experiment has two threshold 
requirements: (i) knowledge of the metabolic 
genes for the molecule of interest and (ii) the 
ability to perform genetics in a robustly pro- 
ducing strain. This approach has been success- 
ful in Bacteroides (5, 6), Escherichia coli (7), and 
Lactobacillus (8), but a key technical barrier 
limiting its generalization is that many of the 
known highly abundant gut-derived molecules 
are produced by Clostridium and its relatives, 
which have been difficult to manipulate ge- 
netically. We recently reported the use of a 
group IJ intron, a ribozyme-encoding mobile 
element (9), to mutate a single pathway in 
Clostridium sporogenes (10), but this insertional 
mutagenesis system performs unpredictably 
and cannot be used to make strains that carry 
multiple mutations. Here, we address these 
challenges by developing a highly efficient 
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CRISPR-Cas9-based system for constructing 
single and multiple mutants in a model gut- 
resident Clostridium species. 


Selection of C. sporogenes as a model 
gut Clostridium 


We chose C. sporogenes ATCC 15579 (hereafter 
C. sporogenes) as a model gut commensal from 
the anaerobic Firmicutes for three reasons: 
This strain has long been known as a robust 
producer of highly abundant small molecules 
(11-13), it stably colonizes germ-free mice (0), 
and it is a commensal or mutualist (i.e., neither 
a pathogen nor a pathobiont). We began by 
performing metabolic profiling experiments 
to systematically determine the set of highly 
abundant small molecules produced by this 
strain in vitro. As shown in Fig. 1, C. sporogenes 
produces 10 molecules that are highly abun- 
dant and either primarily or exclusively derived 
from the gut microbiota: 5-aminovalerate, 
trimethylamine, tryptamine, indole propionate 
and other aryl propionates, isobutyrate, 2- 
methylbutyrate, isovalerate, isocaproate, pro- 
pionate, and butyrate, confirming previous 
studies (J0-13). 


Prediction and computational analysis of 
metabolic pathways 


Next, we sought to predict the genes respon- 
sible for producing each molecule. Metabolic 
genes for trimethylamine (74), tryptamine (13), 
and indole propionate (J0) have been discovered 
using genetics in C. sporogenes or another gut 
bacterium. Pathways for the remaining seven 
molecules had not been validated genetically 
in the gut microbiota. We made predictions 
for each one on the basis of three sources of 
evidence (Fig. 1): (i) pathways validated in 
nonmicrobiome organisms [e.g., the pathway 
for 5-aminovalerate production from the ter- 
restrial isolate Clostridium sticklandti (15)]; 
(ii) biochemical studies that implicate an en- 
zyme superfamily, which enabled us to search 
for orthologs in C. sporogenes [e.g., 2-hydroxy- 
isocaproate dehydratases (16), which led us 
to a predicted cluster for isocaproate]; and 
(iii) a metagenomic analysis of butyrate gene 
clusters (17), which yielded a predicted gene 
cluster for butyrate production in C. sporogenes. 

We determined whether the metabolic genes 
we predicted are widely distributed in the hu- 
man gut microbiome and actively transcribed 
during colonization. We used MetaQuery (18) 
to measure the abundance of the key genes in 
each pathway (colored red in fig. S1) in >2000 
publicly available human gut metagenomes. 
Every gene, except tdcA, was present in >95% 
of the stool metagenomes, indicating that the 
predicted pathways are cosmopolitan (mini- 
mum abundance = 1 copy per 1000 cells) (fig. S2). 
Because the mere presence of a gene in a meta- 
genome does not imply that it is transcribed, 
we determined the transcript abundance 
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Fig. 1. Metabolic pathways from C. sporogenes ATCC 15579 examined in this study. Each pathway 
generates a microbiome-derived metabolite present at high abundance in the host's circulation. 

The prefix “mgc” stands for “metabolic gene cluster.” Genes that comprise each pathway are shown 
above the corresponding arrows; the numbers indicate a locus tag suffix for C. sporogenes, where the 
prefix is “CLOSPO_.” 
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of the key metabolic genes (including close 
homologs from non-C. sporogenes genomes) 
by recruiting reads from nine publicly avail- 
able RNA-sequencing datasets derived from 
stool samples of healthy subjects (19). This 
analysis revealed that multiple homologs 
of each pathway are highly transcribed in 
the host (fig. S2). For example, porA and its 
homologs—ALIPUT_00387 in Alistipes putredinis 
DSM 17216, BACSTE_01839 from Bacteroides 
stercoris ATCC 43183, and BVU_2313 from 
Bacteroides vulgatus ATCC 8482—are tran- 
scribed in at least one sample. Taken together, 
these data suggest that the predicted pathways 
are widely distributed and actively transcribed 
in the host. 


Development of a CRISPR-Cas9-based genetic 
system for C. sporogenes 


Next, we tested our metabolic pathway predic- 
tions by constructing mutants in each of them, 
along with the known pathways in C. sporogenes 
for tryptamine (73), indole propionate (JO), 
and trimethylamine (14) (Fig. 1). The genetic 
system we used previously (J0), which is based 
on a group II intron, had two important lim- 
itations: Because the intron’s targeting mech- 
anism is not well understood, generating one 
insertional mutant typically requires testing 
several targeting sequences; moreover, this 
process regularly fails to yield a mutant. After 
multiple attempts, we were not able to recycle 
the antibiotic resistance marker using ClosTron 
in order to create strains with multiple muta- 
tions; our experience is consistent with a pre- 
vious report in the literature (9). 

Reasoning that a dependable, markerless, 
recyclable genetic system for Clostridium would 
open the door to more systematic studies of 
microbiome metabolism, we developed a 
CRISPR-Cas9-based genome-editing system 
for C. sporogenes. Clostridium species have 
been notoriously difficult to modify geneti- 
cally, in part because of inefficient homolo- 
gous recombination (9). We postulated that 
a Cas9-induced double-strand break would 
help select for a rare homologous recombina- 
tion event. To this end, we constructed a single 
vector that includes all the essential compo- 
nents of a bacterial CRISPR-Cas9 system—the 
Cas9 gene, a guide RNA (gRNA), and a 1.5- to 
2.5-kb repair template—and transferred it by 
conjugation into C. sporogenes. However, we 
did not obtain viable colonies, even after mul- 
tiple rounds of vector design modifications (see 
supplementary text for more detail). 

Having observed that the conjugation effi- 
ciency for C. sporogenes is greatly diminished 
for plasmids >10 kb, we redesigned the system 
by splitting its components into two separate 
vectors: one that contains the gRNA and re- 
pair template and another that harbors Cas9 
under the control of a ferredoxin promoter 
(Fig. 2 and fig. S3). When we introduced these 
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Fig. 2. Development of a CRISPR-Cas9-based genetic system for C. sporogenes. Schematic view of the 
genetic system. In the first step, plasmid P1 is introduced by conjugation into C. sporogenes. P1 contains 

a gRNA expressed under the control of Psyn, a synthetic promoter generated using PePPER (31); Ter, a 
terminator sequence from the C. sporogenes 16S ribosomal RNA gene; and a ~1.5- to 2.0-kb repair 
template. In the second step, plasmid P2 is introduced by conjugation. P2 consists of the Cas9 gene 
from Streptococcus pyogenes expressed under the control of Prax, the promoter from the C. sporogenes 
ferredoxin gene. Key steps in the development of the method were to introduce the genome-editing 
components (Cas9, gRNA, and repair template) sequentially on two plasmids and to lengthen the 
donor-acceptor cocultivation step of the second conjugal transfer from 24 to 72 hours. 
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Fig. 3. C. sporogenes mutants exhibit specific loss of metabolite production in vitro. WT and mutant 
strains of C. sporogenes were cultured individually with the pathway substrates, and metabolites were 
assayed by LC-MS and GC-MS. Extracted ion chromatogram windows corresponding to each of the pathway 
products are shown to compare the metabolic output of each strain; ion counts (y axis) are on the same 
scale within a column. Full traces are displayed in fig. S5. Traces in red show the metabolite whose 
production is blocked by the mutation indicated at the beginning of each row. Each mutant is deficient in the 
production of the corresponding pathway product but proficient in the production of all other pathway 
products. EIC, extracted-ion chromatogram. 
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plasmids sequentially, we failed to get any 
viable colonies after introducing the second 
vector that harbors the Cas9 coding sequence. 
Reasoning that the efficiency of the second 
conjugation step could be the source of failure, 
we lengthened the donor-acceptor cocultivation 
step of the second conjugal transfer from 24 to 
72 hours; this optimized protocol yielded re- 
producible, high-efficiency mutations at mul- 
tiple test loci (see supplementary text for a 
more detailed description of the method’s 
development). 


Constructing mutants to validate 
C. sporogenes pathways in vitro 


We used the Cas9-based genetic system to 
construct deletion mutants in each of the 
10 pathways. In each case, our repair template 
effected the removal of an 80- to 150-base 
pair (bp) portion of the targeted gene in the 
C. sporogenes chromosome (Fig. 2 and fig. S4); 
for simplicity, the resulting mutants [e.g., 
AporA (coding sequence 330-409)] are re- 
ferred to simply as AporA (see table S4 for a 
list of deleted regions). We cultured each 
strain in vitro and analyzed culture extracts 
by liquid chromatography-mass spectrome- 
try (LC-MS) or gas chromatography (GC)-MS 
(depending on the analyte), yielding the fol- 
lowing conclusions: (i) The production of 
each of the 10 molecules is blocked by the 
corresponding pathway mutant (Fig. 3 and 
fig. S5), validating our prediction set; an im- 
portant exception is detailed below in (iii). 
(ii) Deleting one pathway does not appre- 
ciably alter the production of other molecules 
nor does it affect growth rate (fig. S6), indi- 
cating that these pathways are dispensable 
and function independently in vitro. (iii) Our 
predicted genetic locus for the branched 
short-chain fatty acids (SCFAs) isobutyrate, 
2-methylbutyrate, and isovalerate was in- 
correct. In other organisms [e.g., Streptomyces 
avermitilis (20)], the branched-chain a-ketoacid 
dehydrogenase complex (BCKDH) converts 
branched-chain amino acids (BCAAs) into 
branched SCFAs. To our surprise, deletion 
of the BCKDH gene CLOSPO_03305 did not 
affect branched SCFA production. The AporA 
mutant—a gene we previously showed to be 
involved in the oxidative catabolism of aro- 
matic amino acids (J0)—was deficient in the 
production of all three branched SCFAs (Fig. 3). 
PorA is a member of the pyruvate:ferredoxin 
oxidoreductase (PFOR) superfamily; like 
the BCKDH, PFOR enzymes are thiamine- 
pyrophosphate dependent, but they harbor 
an array of iron-sulfur clusters for electron 
transfer in place of lipoate and flavin and 
reduce ferredoxin or flavodoxin instead of 
nicotinamide adenine dinucleotide (oxidized 
form) (NAD*) (27). Although PFOR super- 
family members are known to use pyruvate 
in anaerobic bacteria (generating acetate), 
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Fig. 4. Genetic depletion of metabolites in vivo by colonization with WT versus mutant strains of C. sporogenes. Germ-free mice were monocolonized with 
WT C. sporogenes or the AcutC, AprdrR, AporA/AhaaB, AhadB, or AcroA mutants (n = 5 mice per group). Metabolite levels were altered in the host by mutation of the 


corresponding pathway. Error bars indicate standard deviation. *P < 0.05, **P < 0.01, and ns is not significant. 


their use of branched-chain a-keto acids de- 
rived from BCAAs constitutes a noncanonical 
pathway for branched SCFA production, hav- 
ing only been previously observed in Archaea 
(22, 23). We found multiple porA homologs in 
the genomes of other human gut isolates that 
are highly transcribed in human stool meta- 
transcriptomes, suggesting that this pathway 
could be a substantial contributor to the host 
branched SCFA pool (Figs. 1 and 3 and fig. $2). 


In vivo modulation of C. sporogenes—derived 
molecules 


Having validated our target pathways in vitro, 
we set out to determine whether we could use 
these mutants to knock out the production of 
each pathway product in the host. For this 
experiment, we used a subset of five mutants. 
The first four were AcutC, AprdR, AcroA, and 
AhadB; for the fifth, we took advantage of the 
markerless nature of our CRISPR-based genetic 
system to construct a AporA/AhadB double 
mutant, with the goal of eliminating the pro- 
duction of all four branched SCFAs (isobutyrate, 
2-methylbutyrate, and isovalerate via AporA 
and isocaproate via AhadB). We monocolon- 
ized germ-free mice with wild-type (WT) 
C. sporogenes and the five mutants (Fig. 4); 
after 4 weeks, we sacrificed the mice and 
measured the concentration of each molecule 
in serum, urine, cecal contents, and fecal pel- 
lets. WT C. sporogenes and the mutant strains 
colonized germ-free mice at comparable lev- 
els (fig. S7). We drew three observations from 
these data: (i) Each metabolite (or its host 
metabolic product) was substantially reduced 
in the corresponding mutant (Fig. 4). (ii) The 
WT and mutant differences were smaller for 
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isocaproate and butyrate as a result of two 
factors: low production by WT C. sporogenes 
relative to the native level of each molecule 
(usually mM) and a background level of the 
metabolite in mutant-colonized mice, possibly 
owing to a source of contaminating molecule 
in the chow. (iii) The WT and mutant differ- 
ence was especially large for the branched 
SCFAs isobutyrate, 2-methylbutyrate, and iso- 
valerate, which form a pool of >2 mM in the 
cecal contents of WT C. sporogenes-associated 
mice that falls to near baseline in the AporA/ 
AhadB-associated animals. Overall, these data 
validate the utility and generality of using 
C. sporogenes mutants to deplete microbiome- 
derived molecules in the host, and they high- 
light that the presence of a pathway in an 
organism can lead to production levels that 
vary from native to orders of magnitude below 
native. Thus, the choice of a producer organism 
that can support the biosynthesis of native 
metabolite levels depends on unknown factors 
beyond the mere presence of a corresponding 
pathway. 


Immune modulatory properties of 
branched SCFAs 


In light of our ability to knock out the pro- 
duction of the C. sporogenes—derived small 
molecules in vivo, we returned to our original 
motivation for establishing the new genetic 
system: to study the role of microbiome- 
derived molecules in mediating microbe-host 
interactions. We chose the branched SCFAs 
for two reasons: (i) Like the conventional 
SCFAs acetate, propionate, and butyrate, they 
are highly abundant in the cecum and colon 
(concentrations in the mM range) (24); but 
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unlike the SCFAs, which are known to modu- 
late the host immune response via GPCRs 
GPR41 and 43 (J), very little is known about the 
biology of the branched SCFAs. (ii) C. sporogenes 
produces them robustly; they constitute a 
pool of >2 mM (Fig. 4). Hypothesizing that the 
branched SCFAs—like conventional SCFAs— 
might modulate the host immune response, we 
colonized germ-free mice with WT C. sporogenes 
and the AporA/AhadB mutant (Fig. 5A). After 
5 weeks, we sacrificed the mice, isolated im- 
mune cells from the small intestine and mes- 
enteric lymph nodes, and analyzed them 
by mass cytometry. WT- and AporA/AhadB- 
colonized mice were similar by broad metrics 
of immune function (e.g., total numbers of 
CD4* and CD8" T cells, B cells, and innate 
immune cells; percentages of effector cell 
subpopulations; and cytokine levels). How- 
ever, the AporA/AhadB-colonized mice had 
an increased number of immunoglobulin A 
(IgA)-producing plasma cells (Fig. 5, B and 
C, and figs. S8 and S9) and increased levels 
of IgA bound to the surface of a variety of 
innate immune cells: neutrophils, eosinophils, 
macrophages, plasmacytoid and conventional 
dendritic cells, and classical and nonclassical 
monocytes (Fig. 5, D and E). These results 
suggest a previously unrecognized role for 
the branched SCFAs in modulating IgA-related 
immune cells. There is no significant difference 
in the levels of free IgA and Clostridiwm- 
specific IgA in fecal pellets from WT-colonized 
versus AporA/AhadB-colonized mice (fig. S10). 
Thus, the branched SCFAs regulate the 
frequency of IgA* plasma cells in the small 
intestine without resulting in the accumu- 
lation of IgA in feces, in contrast to another 
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C. sporogenes-derived metabolite, indole 
propionic acid, which affects IgA levels in 
the lumen (J0). These data highlight the com- 
partmentalized nature of the IgA response 
and suggest multiple points of microbiome- 
mediated control. 


Discussion 


The hundreds of microbiome-derived mole- 
cules that accumulate in circulation represent 
one of the most concrete modes of communi- 
cation between the host and its microbiota. 
Little progress has been made in systemati- 
cally studying their effects on host biology, 
owing in part to the absence of a method that 
enables the selective depletion of one mem- 
ber of this pool. One approach to address- 
ing this challenge is to colonize germ-free 
mice with a WT gut bacterial species versus 
a metabolite-deficient mutant. Given the out- 
size role of Clostridium and related anaerobic 


abundant metabolites, the lack of a reliable 
genetic system for commensal strains of 
Clostridium has been a key impediment to 
generalizing this approach. The system we 
introduce here is a first step toward that goal; 
it validates that genetics can be performed 
in a microbiome-derived Clostridium species 
rapidly, reliably, and without the need for 
a marker, and it demonstrates the utility of 
WT-mutant pairs for interrogating the host 
effects of microbiome-derived molecules. Given 
the versatility of Cas9, the key factors for gen- 
eralizing this system to other Clostridium spe- 
cies are the ability to get DNA into a strain and 
the availability of replication origins for the 
plasmids that deliver the mutagenesis and 
repair elements. An alternative strategy would 
be to deliver Cas9 and the gRNA as a puri- 
fied ribonucleoprotein, forgoing the need for 
plasmid-borne elements. Both strategies could 
expand the scope of Cas9-mediated mutagen- 


Firmicutes in generating this pool of highly 
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esis to important but previously inaccessible 
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Firmicutes, such as butyrate producers from 
Clostridium clusters IV and XIVa (e.g., 
Faecalibacterium prausnitzii) (25), the bile 
acid metabolizers Clostridium scindens and 
Clostridium hylemonae (26), and the leanness- 
associated bacterium Christensenella minuta (27). 

C. sporogenes is a prolific producer of amino 
acid metabolites, and our in vitro studies show 
that we can predictably block each pathway. 
However, one of the most notable observations 
is the difference in the concentration of each 
pathway product in the context of host col- 
onization. 5-Aminovalerate, indole propionate, 
isobutyrate, 2-methylbutyrate, isovalerate, 
propionate, and trimethylamine-N-oxide 
(TMAO) are produced robustly in vivo, whereas 
isocaproate and butyrate are generated at 
10- to 100-fold below the native concentration 
range. By highlighting that the mere presence 
of a pathway does not imply that it will func- 
tion robustly in the host, our data raise ques- 
tions about computational approaches that 
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predict metabolic function on the basis of gene 
or transcript levels (28, 29), and they suggest 
the importance of understanding pathway 
regulation and substrate availability under 
conditions of colonization by a complex native 
community. 

The conventional SCFAs acetate, propionate, 
and butyrate modulate host immune function 
and induce regulatory T cells via a pair of 
GPCRs, GPR41 and 43. Although they are also 
predominantly microbiome-derived and pre- 
sent at high concentration (24), much less is 
known about the branched SCFAs isobutyrate, 
2-methylbutyrate, and isovalerate, which are 
produced by a distinct pathway from a differ- 
ent set of precursors, BCAAs. Isovalerate was 
recently shown to be a ligand for Olfr558, a 
GPCR in enterochromaffin cells that controls 
the secretion of serotonin (30). Our data un- 
cover a role for the branched SCFA pathway 
in modulating IgA-related immune cells. 


Materials and methods summary 
Constructing C. sporogenes mutants 


The coding sequence of Cas9 was assembled 
with pMTL83153 using Instant Sticky-end 
Ligase (NEB). The gRNA and repair templates 
were assembled with pMTL82254. The repair 
template consists of two 700- to 1200-bp se- 
quences flanking the ~100-bp C. sporogenes 
genome sequence targeted for Cas9 excision. 
To construct a C. sporogenes mutant, pMTL82254: 
harboring the gRNA and repair template was 
introduced into C. sporogenes via E. coli con- 
jugation. Next, a second conjugation (~72 hours) 
was performed to introduce pMTL83153 har- 
boring the Cas9 coding sequence. C. sporogenes 
colonies typically appeared after 36 to 48 hours. 
Genomic DNA was isolated from at least 
16 colonies, and mutations were verified by 
sequencing. 


Quantification of C. sporogenes metabolites 
using LC-MS or GC-MS 


Asingle colony of WT or mutant C. sporogenes 
was inoculated in TYG (tryptone-yeast extract- 
glucose) broth at 37°C for 48 hours in an 
anaerobic chamber. The conversion of choline 
to trimethylamine (TMA) was quantified using 
a previously published protocol (/4). The serum 
TMAO level was quantified using Agilent 6570 
LC-QQQ by comparing its area under the curve 
(AUC) with that of d9-TMAO. The metabolites 
5-aminovalerate, indole propionate, propionate, 
butyrate, isovalerate, 2-methylbutyrate, iso- 
butyrate, and isocaproate were detected and 
quantified using previously published protocols 
(3, 10). The creatinine concentration of each 
urine sample was measured using a Creatinine 
Assay Kit (ab204537). 


Germ-free mouse experiments 


All experiments were performed using germ- 
free Swiss Webster mice (male, 6 to 10 weeks 
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of age, n = 5 or 6 mice per group) originally 
from Taconic Biosciences. Germ-free mice were 
maintained in gnotobiotic isolators and mono- 
colonized with an overnight culture of either 
WT or mutant C. sporogenes in TYG medium 
[200 ul; ~1 x 10’ colony forming units (CFU)]. 
For quantifying C. sporogenes-derived small 
molecules in vivo, mice were maintained on 
standard chow (LabDiet 5K67). After 4 weeks 
of colonization, mice were euthanized humanely 
by CO, asphyxiation. Blood was collected by 
cardiac puncture, and serum was prepared 
using serum separator tubes from BD (cat. 
#365967). For mass cytometry analysis, mice 
were maintained on a high-protein chow (Teklad 
TD.90018). 


Preparation of single-cell suspensions from the 
small intestine for mass cytometry 


Small intestines were harvested from animals 
and placed in cold RPMI (Roswell Park Memo- 
rial Institute) medium. Intestines were filleted 
open and washed two times in phosphate- 
buffered saline (PBS). Tissues were cut, washed, 
and digested in complete RPMI supplemented 
with Liberase (Roche) and DNAse I (Sigma- 
Aldrich). Digestion was quenched with com- 
plete RPMI, and cells were washed with PBS 
and labeled with cisplatin viability dye for mass 
cytometry analysis. The viability stain was 
quenched, and the cells were washed twice 
before fixation with 1.5% paraformaldehyde 
(Electron Microscopy Sciences). Cells were 
then washed twice and stored at -80°C for 
subsequent mass cytometry analysis. A sum- 
mary of all mass cytometry antibodies, reporter 
isotopes, and concentrations used for analysis 
can be found in table S3, and a detailed pro- 
tocol for mass cytometry analysis is available 
in the supplementary materials. 
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INTRODUCTION: The human microbiome has 
been correlated with several health and dis- 
ease conditions, but the molecular mecha- 
nisms underlying these correlations remain 
largely unexplored. Biologically active small 
molecules that are produced by the human 
microbiome offer an important route for ex- 
ploring these mechanisms because they of- 
ten mediate important microbe-microbe and 
microbe-host interactions. In bacterial genomes, 
small-molecule biosynthetic genes are usually 
encoded in distinct clusters known as bio- 
synthetic gene clusters (BGCs), which enables 
scientists to use computational tools for rec- 
ognizing them and predicting their products. 
Here, we present a hybrid strategy that uses 
computational and synthetic biology tools 
for discovering microbiome-encoded small 
molecules. 


RATIONALE: Previous efforts to discover small- 
molecule BGCs from the human microbiome 
relied mainly on analyzing genomic data of se- 
quenced bacterial isolates. Although this ap- 
proach has revealed the enormous and largely 
untapped diversity of microbiome-encoded 
BGCs, it fails to report on the biosynthetic 
potential of members of the human micro- 
biome that have not yet been cultured or iso- 
lated: the majority of species in metagenomic 
sequencing data. Therefore, we sought to de- 
velop a computational algorithm that dis- 
covers small-molecule BGCs directly in complex 
metagenomic sequencing data of the human 
microbiome: metagenomic identifier of bio- 


synthetic gene clusters (MetaBGC). First, high- 
performance probabilistic models for iden- 
tifying homologs of a biosynthetic enzyme of 
interest are built specifically for use with com- 
plex metagenomic datasets (MetaBGC-Build). 
Next, these models are used to identify bio- 
synthetic genes in thousands of metagenomic 
datasets of the human microbiome at the 
single-read level (MetaBGC-Identify). Finally, id- 
entified biosynthetic reads are quantified in the 
entire cohort of samples (MetaBGC-Quantify) 
and clustered into biosynthetic read bins on 
the basis of their abundance profiles across 
samples (MetaBGC-Cluster). To evaluate the 
utility of this approach, we used it to discover 
BGCs for type II polyketides, a clinically rele- 
vant class of small molecules, directly from 
metagenomic sequencing data of the human 
microbiome. 


RESULTS: We applied MetaBGC to 3203 meta- 
genomic samples of the human microbiome 
originating from Western (subjects from the 
United States, Spain, and Denmark) and non- 
Western (subjects from China and Fiji) popu- 
lations and from every major human body site 
(gut, mouth, skin, and vagina). Overall, we dis- 
covered 13 complete BGCs that potentially 
encode type II polyketides; eight of these were 
encoded by diverse bacterial isolates of the 
human microbiome in a strain-specific man- 
ner and five could not be assigned to any 
sequenced species. Type II polyketide BGCs 
are found in three major human body sites, 
gut, mouth, and skin, and at least six of them 


are transcribed under host-colonization con- 
ditions and widely distributed in different hu- 
man populations (e.g., 46% of healthy subjects 
from the United States encode at least one 
BGC in their gut, oral, or skin microbiome). 
Next, we selected two of the identified BGCs 

for experimental char- 
acterization, one from 
Read the full article the oral microbiome and 
at http://dx.doi. another from the gut mi- 
org/10.1126/ crobiome. We used a syn- 
science.aax9176 thetic biology strategy 
in which metagenomical- 
ly discovered BGCs are genetically engineered 
and expressed in various heterologous hosts 
without the need for cultivation of the native 
producer. Using this strategy, we success- 
fully purified and solved the structures of 
five new type II polyketide molecules as the 
products of the two characterized BGCs. Fi- 
nally, we show that two of the discovered 
molecules exert strong antibacterial activities 
against members of the human microbiome 
that occupy the same niche as their prod- 
ucer, implying a possible role in microbe- 
microbe competition. 


CONCLUSION: We developed a hybrid strategy 
that combines computational and experimental 
techniques for discovering and characterizing 
small-molecule BGCs directly from complex 
datasets of the human microbiome. Using this 
strategy, we discovered that a clinically rele- 
vant class of molecules, type II polyketides, are 
widely encoded in the human microbiome and 
that human microbiome-derived polyketides 
resemble in structure and biological activity 
clinically used ones. Our approach is generally 
applicable to other classes of small molecules 
and can be used to systematically unveil the 
chemical potential of the human microbiome— 
a goal that is useful for both mechanistic micro- 
biome explorations and drug discovery. 


The list of author affiliations is available in the full article online. 
*These authors contributed equally to this work. 
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Small-molecule discovery from the human microbiome. A hybrid computational and synthetic biology approach was developed to discover small molecules 
encoded by the human microbiome. Biosynthetic gene clusters were discovered at the single metagenomic read level from thousands of samples using a new 
algorithm, MetaBGC, and expressed in a synthetic biology platform to yield previously unknown small molecules. 
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Extensive progress has been made in determining the effects of the microbiome on human physiology 
and disease, but the underlying molecules and mechanisms governing these effects remain largely 
unexplored. Here, we combine a new computational algorithm with synthetic biology to access 
biologically active small molecules encoded directly in human microbiome—derived metagenomic 
sequencing data. We discover that members of a clinically used class of molecules are widely encoded in 
the human microbiome and that they exert potent antibacterial activities against neighboring microbes, 
implying a possible role in niche competition and host defense. Our approach paves the way toward a 
systematic unveiling of the chemical repertoire encoded by the human microbiome and provides a 
generalizable platform for discovering molecular mediators of microbiome-host and microbiome- 


microbiome interactions. 


he human microbiome harbors thou- 

sands of bacterial species, varies in com- 

position between different sites of the 

human body and between individuals, 

and has been correlated with several 
diseases (1-5). Recently, scientists have begun 
to examine these correlations at a mechanis- 
tic level, often by identifying and character- 
izing microbiome-derived small molecules 
that are responsible for a specific phenotype 
(6, 7). These molecules may mediate their 
effects directly, by targeting human cells or 
receptors (microbe-host interactions) (8-14), 
or indirectly, by affecting other members of 
the microbiome in a competitive or collabo- 
rative manner (microbe-microbe interactions) 
(15-18). With the importance of microbiome- 
derived small molecules becoming apparent, 
there is a dire need to develop systematic ap- 
proaches for discovering and characteriz- 
ing them. 

We previously undertook a systematic ap- 
proach to describe the general capacity of the 
microbiome to produce small molecules (75) 
by identifying the biosynthetic gene cluster 
(BGC) repertoire encoded in genomes of thou- 
sands of bacterial strains isolated originally 
from humans and characterizing the structure 
and biological activity of a subset of their 
products (9, 15). Although this approach re- 
vealed an enormous and largely unexplored 
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capacity of the microbiome to produce small 
molecules, it suffered from one major limi- 
tation: Its starting point relied on analyzing 
assembled genomes from readily cultured and 
sequenced isolates of the human microbiome. 
Therefore, this approach misses BGCs en- 
coded in sequenced clinical samples but not 
in genomes of previously isolated bacteria. 
This limitation is noteworthy for three main 
reasons. 

First, most large culturing efforts have fo- 
cused on human gut microbiome samples, 
especially those from healthy and Western 
populations, resulting in a relatively limited 
representation of reference genomes from other 
human body sites and from diseased and non- 
Western cohorts (79-22). By contrast, thousands 
of metagenomic sequencing datasets have been 
produced from all human body sites (J, 2), for 
cohorts of several human diseases (3-5, 23-25), 
and from non-Western populations (26, 27). 
Second, recent metagenomic binning studies 
revealed thousands of new bacterial species 
in the human microbiome, representing rare, 
not yet cultivated or not yet sequenced mem- 
bers (28-30). These new species expanded 
not only the taxonomical space of the human 
microbiome, but also its functional capacity 
beyond what has been previously observed 
in the genomes of cultured isolates. Finally, 
BGCs are commonly encoded on mobile ele- 
ments as strain-specific traits (15) and cap- 
turing them would require deep sampling 
within single species, which is not often the 
goal in culturing efforts. It is evident that our 
previous approach, which relied solely on 
discovering BGCs from genomes of cultured 
isolates, is limited in its ability to fully rep- 
resent the biosynthetic potential of the col- 
lective human microbiome. 
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A read-based algorithm for the detection of 
BGCs in metagenomic data 

Realizing the above limitation, we set out 
to develop an algorithm that allows for the 
identification of small-molecule BGCs directly 
in human microbiome-derived metagenomic 
sequencing data without the need for bacte- 
rial cultivation or sequencing; we called this 
algorithm MetaBGC (metagenomic identifier 
of biosynthetic gene clusters). Our algorithm 
needed to fulfill three main criteria: (i) be able 
to detect BGCs de novo from metagenomic 
sequencing data without any prior knowledge 
of bacterial species in the sample and there- 
fore show no bias toward sequenced isolates; 
(ii) be able to detect new BGCs at the single 
metagenomic read level [~100 base pairs 
(bp)] and therefore show no bias toward 
abundant or easy-to-assemble species that 
often dominate the metagenomic assemblies; 
and (iii) be computationally efficient without 
sacrificing sensitivity so that it can be used to 
profile thousands of metagenomic samples 
simultaneously. 

A simple and fast method for detecting 
homologs of a given protein family is through 
profile hidden Markov models (pHMMs) 
(31, 32). In pHMMs, the probability of finding 
a given amino acid, insertion, or deletion is 
calculated at each position of an alignment 
of interest (training set) and then used to 
construct a probability profile. New sequences 
(search set) are then scored on the basis of 
their fit to that profile. pPHMMs are typically 
constructed from full-length proteins in the 
training set, whereas most Ilumina-based 
metagenomic reads are ~100 bp in length 
(~33 amino acids). When used in a search 
set, these short sequences are aligned locally 
to different regions of their respective PHMMs. 
Depending on the sequence complexity and 
conservation at these local regions, varying 
specificities and sensitivities may be obtained 
across a given pHMM. Therefore, we sought 
to adapt pHMMs for use in metagenomic ap- 
plications by developing what we refer to here 
as segmented pHMMs (spHMMs). spHMMs 
are built on 30-amino acid segments of aligned, 
full-length protein homologs, resulting in prob- 
ability profiles with lengths that match those of 
the sequences in the search set. Because of the 
small size of each segment, spHMMs are able 
to distinguish regions of the aligned proteins 
that are of high complexity from repetitive or 
low-complexity ones that are commonly found 
in sequences, and regions of high conservation 
among homologs from ones that are more 
variable. This differentiation would result in 
models of varying performances depending 
on their intervals (Fig. 1A). Models are eval- 
uated using a synthetic dataset and spHMMs 
that perform poorly (with a high false-positive, 
high false-negative, or low true-positive 
rate) are eliminated. This first module of the 
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Fig. 1. Overview of MetaBGC. (A) The first step of MetaBGC is the development 
of high-performance spHMMs that are specific for a given class of BGCs (MetaBGC- 
Build). Homologs of the protein family of interest are aligned and the alignment is 
segmented into 30-amino acid fragments with a 10-amino acid window shift. 
SpHMMs are built using the segmented alignments, which are then evaluated using 
synthetic metagenomes composed of a predominantly negative background and 
spiked with positive BGCs. spHMMs with F1 scores 20.5 form the basis of MetaBGC- 
Identify and those with F1 scores <0.5 are excluded. (B) The remaining three steps of 
MetaBGC are as follows: (i) MetaBGC-identify detects biosynthetic reads from 


complex metagenomic datasets of the human microbiome using spHMMs [as 
described in (A)]; (ii) unique (nonredundant) biosynthetic reads are then quantified 
in all samples (MetaBGC-Quantify) and an abundance profile is generated for each 
read; and (iii) nonredundant biosynthetic reads are finally clustered on the basis of 
their abundance profiles (MetaBGC-Cluster) to produce read “bins” that originate 
from specific BGCs. For example, biosynthetic reads colored in red or blue are 
detected from 10 metagenomic samples, quantified in the same samples, and finally 
clustered to produce two distinct bins (one red and one blue) that originate from 
bgcl or bgc2, respectively. Nonbiosynthetic reads are colored in gray. 


algorithm is named MetaBGC-Build. Only high- 
performance spHMMs are selected for the next 
step and used to search metagenomic reads 
from clinical samples (MetaBGC-Identify). 
Reads identified by the selected spHMMs 
(scored above a defined threshold) are then 
deemed “biosynthetic” and passed on to a third 
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module of the algorithm: MetaBGC-Quantify 
(Fig. 1B). In this module, biosynthetic reads 
are de-replicated and quantified in all sam- 
ples of the entire cohort(s) and an abundance 
matrix is generated for all nonredundant reads 
against all samples. Because reads that orig- 
inate from a single BGC should have an even 
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coverage across metagenomic samples, we 
devised a clustering strategy to produce “bins” 
of identified reads on the basis of their abun- 
dance profiles in different samples. In this 
strategy, we use DBSCAN (density-based spa- 
tial clustering of applications with noise) 
(33) to cluster reads with similar abundance 
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Fig. 2. Using MetaBGC to detect TII-PKS BGCs in synthetic metagenomic samples. (A) Typical 
organization of a TII-PKS BGC composed of genes encoding for two ketosynthases (KSa and KSB) 
responsible for the elongation and chain-length determination of the growing polyketide chain, 
respectively; a thiolation domain (T), on which the growing chain is attached; and at least one 

type of cyclase/aromatase (Cyc), which is responsible for the cyclization of the linear chain. 

Through additional tailoring reactions, more elaborate structures are formed, such as the clinically used 
antibiotic tetracycline. (B) Four types of cyclases or aromatases are specifically found in TIl-PKS BGCs 
and are chosen as protein families for MetaBGC. For each of the four protein families, segmented 
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Results from synthetic dataset 2 can be found in figs. S12 to S14. 
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profiles across different metagenomic sam- 
ples into distinct bins on the basis of their 
pairwise Pearson correlation distance (see the 
supplementary materials). This fourth module 
is called MetaBGC-Cluster. This final strategy 
not only decreases the total number of hits 
that need to be analyzed, but also presents an 
opportunity for a targeted assembly of the 
reads that originate from the same BGC and 
end up in the same bin. In summary, our 
spHMM-based algorithm identifies, quan- 
tifies, and clusters microbiome-derived BGCs 
at the single metagenomic read level (Fig. 1B). 


Test case for MetaBGC: Type II polyketide 
synthase BGCs 


To evaluate the utility of this approach, we 
focused on one class of small-molecule BGCs 
that has never been reported from members 
of the human microbiome: Type II polyketide 
synthases (TII-PKS BGCs). TII-PKS BGCs are 
relatively uncommon in bacterial genomes 
and almost always encode small molecules 
with interesting biological activities (includ- 
ing the clinically used anticancer drug doxo- 
rubicin and the clinically used antibiotic drug 
tetracycline) (34, 35). To first test whether 
TII-PKS BGCs can be identified at all in hu- 
man metagenomic sequencing data, we per- 
formed de novo metagenomic assemblies on 
759 samples from the Human Microbiome 
Project 1 (HMP-1-1) (J) and used a common 
BGC identification tool, antiSMASH, to detect 
TII-PKS BGCs in assembled scaffolds >5000 bp 
(36). Using this strategy, we identified six new 
TII-PKS BGCs in three body sites (mouth, gut, 
and skin) (ogcI to bgc6; see below), which in- 
dicated that this class of molecules is indeed 
encoded in human-derived metagenomes de- 
spite not having been reported from common 
isolates of the human microbiome. Motivated 
by this finding, we proceeded toward adapt- 
ing our MetaBGC strategy for the systematic 
discovery and quantification of TII-PKS BGCs 
directly in human-derived metagenomic se- 
quencing data, at the single-read level and 
without relying on metagenomic assemblies. 
This strategy would largely eliminate the con- 
tingency of discovery success on the abun- 
dance of the encoding organism or the ability 
to properly assemble its genome from complex 
metagenomic samples. 

Four essential enzymes are universally pre- 
sent in TII-PKS BGCs: two ketosynthases (KSa 
and KS), which are responsible for the elon- 
gation of the polyketide chain and chain length 
determination, respectively; an acyl carrier pro- 
tein (ACP), also known as a thiolation domain 
(T), on which the growing chain is attached 
through a thioester bond; and at least one of 
four types of cyclases or aromatases (OxyN, 
TcemN, TcmI, and TcmJ types), which are re- 
sponsible for the final cyclization/aromatization 
of the polyketide chain through a series of 


3 of 11 


RESEARCH | RESEARCH ARTICLE 


A 1.09 X 10" MetaBGC 18 X 10° C __TII-PKS positive subjects 
Metagenomic reads ——~ _ Biosynthetic reads N=122 (46%) 
(2544 samples) (19 bins) 


TcmN OxyN 


Teml TemJ 


Bin# 


W5 A 


Skin 


Oral 


W7 ws w90 w10 wii W120 W130 


Stool 


Vaginal 


2 samples 
75 samples 


Bin abudance 
in reads per sample (Log, ,) 


993302508 


Body site 
Bin-W5 
Bin-W6 
Bin-wW4 
Bin-W8 
Bin-W3 
Bin-W11 


Body site 
Skin 
Oral 
Stool 
Vaginal 


TII-PKS positive 
(multiple visits) 


TII-PKS positive 
(one visit) 


380) 
122) 


2: 
EY 
<i 
et 
fat 
kt 
Pt 
ry 


Samples (N 
Subjects (N 


No available 
data 


FS 
= 
Py 
Ft 
ry 
FS 
FS 
is 
° 


x 


e 
3 
gi 
Fe 
by 
rt 
Ed 
ct 
x 


03 
3 
= 
Et 
3 
iS 
i 
23: 
S| 
. 


Cohort 
HMP-1-1 
HMP-1-2 
MetaHIT 


eo 8 8 XXxXxXeexe XKeee 
XOOOXXXXXX KOCK X 


159308461 
159268001 
159207311 


103092734 


1 2 3 
Bin prevalence per subjects (%) Visit Number 


Sugimoto et al., Science 366, eaax9176 (2019) 13 December 2019 4 of 11 


RESEARCH | RESEARCH ARTICLE 


Fig. 3. Testing MetaBGC on human microbiome-derived metagenomic 
samples from three large cohorts. (A) MetaBGC results from profiling 2544 


metagenomic samples of three cohorts (HMP-1-1, HM 
A selection of bins (n = 13) corresponding to TII-PKS 


each point represents a nonredundant biosynthetic read that was detected by 
MetaBGC. For all other bins, see fig. S16. The color, shape, and size of each point 


indicate the type of cyclase to which each read belon 


which each read originated, and the number of metagenomic samples where 


each read was detected following the key on the righ 
biosynthetic reads from one BGC. Bins W6a and W6b 
refined clustering strategy (see supplementary materi 


indicating the abundance of each of 11 bins that correspond to complete TIl-PKS 
BGCs (data table S6) in 380 metagenomic samples. For a similar heatmap 


of all other bins, see fig. S17. Bin abundance is calcu 
abundances for all biosynthetic reads in a given bin (in 


aldol condensation reactions (Fig. 2A) (35, 37). 
Although KS and ACP domains exist in other 
BGCs (e.g., iterative, TI-PKS, and TIII-PKS 
BGCs), cyclase domains are relatively specific 
to TII-PKS BGCs and can be used as a proxy for 
identifying them using MetaBGC (37). There- 
fore, we aligned selected, diverse homologs of 
each of the four types of TH-PKS cyclases and 
built spHMMs for all intervals at a window 
size of 30 amino acids and a window shift of 
10 amino acids (see the supplementary mate- 
rials, data table S1, and figs. S1 to S5). 

To evaluate the performance of MetaBGC, 
we applied it to a carefully designed syn- 
thetic metagenomic dataset. We simulated 
140 metagenomic samples containing 42 
dow-diversity) or 126 (high-diversity) human 
microbiome-derived genomes that contain 
no TI-PKS BGCs. We then spiked in simu- 
lated reads from 10 diverse bacterial genomes 
that harbor in total 13 TH-PKS BGCs, none of 
which was part of the spHMM training sets 
(see the supplementary materials, fig. S6, and 
data table $2). Overall, this synthetic dataset 
(synthetic dataset 1) was constructed to sim- 
ulate several conditions that are expected in 
human microbiome samples: very low abun- 
dance of a given BGC (~1x coverage), medium 
abundance (~10x coverage), several BGCs per 
sample, and no BGCs per sample (fig. S7). We 
then computed the F1 scores (harmonic mean 
between precision and recall) to individually 
evaluate each spHMM of all four cyclases. 
As expected, MetaBGC-Build revealed two 
types of spHMMs for each alignment: high- 
performance spHMMs (F1 scores 20.5) and 
low-performance spHMMs (F1 scores <0.5) 
(Fig. 2B). After eliminating low-performance 
models and tuning spHMM scores of the 
high-performance ones (fig. S8), we reached 
a final set of 40 spHMMs to be used in the 
MetaBGC-Identify module. Moreover, as ex- 
pected, the number of reads detected by these 
models for a given cyclase positively corre- 
lates with the coverage of the spiked genomes 
harboring the same cyclase (fig. S9). In sum- 
mary, we used synthetic metagenomic data to 
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evaluate the performance of each of the cyclase 
spHMMs in MetaBGC and to select and tune 
the best-performing ones for next steps. 

To evaluate the remaining components of 
MetaBGC, we subjected the identified “bio- 
synthetic reads” from the 40 high-performance 
models to the quantification and clustering 
modules and analyzed the resulting bins 
for composition. In total, MetaBGC produced 
11 bins with >50 nonredundant biosynthetic 
reads (range 51 to 616 reads, average 278 reads 
per bin), 10 of which were true-positive bins, 
and the smallest of them (bin 6, 51 reads) con- 
tained only false-positive reads (fig. S10). Col- 
lectively, the 10 true-positive bins harbored 
reads from all 37 spiked cyclases (100% cyclase 
recovery rate). Next, we investigated how 
many BGCs were represented in each of the 
10 true-positive bins. Seven out of the 10 bins 
corresponded to reads that originated exclu- 
sively from one of seven nonredundant BGCs, 
whereas the remaining three bins harbored 
reads from two BGCs each (Fig. 2C). Each pair 
of BGCs that shared a bin was encoded in the 
same spiked genome and thus had the same 
coverage and representation in the metage- 
nomic dataset and was clustered together by 
MetaBGC-Cluster. In conclusion, MetaBGC re- 
covered reads from all cyclases of all spiked 
BGCs and correctly clustered them into their 
BGC- and genome-specific bins. Moreover, 
MetaBGC produced only 4% false-positive 
reads after clustering, 40% of which were 
binned together into a single, easily identi- 
fiable false-positive bin (Fig. 2C). 

To test whether a wider distribution of 
coverages for the TII-PKS-positive genomes 
would affect the performance of MetaBGC, we 
simulated a new synthetic dataset (synthetic 
dataset 2) in which the proportion of each 
TII-PKS-positive and -negative genome in 
a given sample is sampled from a log-normal 
distribution and then normalized such that 
the sum of proportions equals one (data table 
82 and fig. S11). Despite a wide range of cov- 
erages for the TII-PKS-positive genomes (0 to 
>1000x) in this new dataset, MetaBGC per- 


13 December 2019 


a gradient color scale as shown above (with a minimum bin abundance of 

10 reads). The body site and cohort that each sample belongs to are indicated 
following the color code on the left. The bar graph shown at the bottom 
indicates the prevalence of each corresponding biosynthetic bin in subjects 
from the three cohorts analyzed here. Percentages are shown out of the total 
number of subjects with available samples at a given body site (mouth, 219 
subjects; gut, 646 subjects; skin, 161 subjects). (C) Venn diagram indicating the 
and HMP-1-2 subjects that are positive for complete TIl-PKS 
or three body sites (with a minimum bin abundance of 

10 reads). (D) Longitudinal analysis of HMP-1-1 and HMP-1-2 subjects. Samples 
from up to three visits of the same subject are deemed TII-PKS-positive (dot, 
with a minimum bin abundance of 10 reads) or Tll-PKS—negative (no dot). Red 
dots indicate that the subject had the same TII-PKS bin at subsequent visits 
(longitudinal consistency); black dots indicate that the subject had a TII-PKS bin 
at only one visit. X indicates visits for which no metagenomic data are available. 


formed in the same manner as before: overall, it 
produced 12 bins with >50 nonredundant bio- 
synthetic reads in each (10 true- and two false- 
positive ones), 95% true-positive reads after 
binning, 100% cyclase recovery rate, and 100% 
correct binning of cyclase reads into their 
corresponding BGCs and genomes (figs. S12 
to S14). These promising results illustrate 
the validity of MetaBGC for the identification, 
quantification, and clustering of TH-PKS BGCs 
in human-derived metagenomes. 


Tuning of MetaBGC using metagenomic data 
from three large cohorts 


After evaluating MetaBGC on simulated data- 
sets of the human microbiome, we sought 
to tune its performance on clinically derived 
metagenomic data. We applied it to 2544 
human-derived metagenomic samples from 
three large studies [the Human Microbiome 
Project (HMP-1-1 and HMP-1-2) and the Meta- 
genomics of the Human Intestinal Tract Con- 
sortium, (MetaHIT) (J, 2, 38)]. These samples 
originated from all major human body sites 
(skin and airways, 293 samples; gut, 872 sam- 
ples; vagina, 215 samples; and mouth, 1164 
samples) and collectively harbored 1.09 x 10" 
reads. By comparing MetaBGC results with 
the National Center for Biotechnology Infor- 
mation (NCBI) nonredundant protein sequence 
database, 10 of our spHMM score cutoffs were 
further fine-tuned to eliminate false-positive 
hits resulting from genomes commonly ob- 
served in the metagenomic datasets but not 
initially included in our synthetic dataset, and 
one model was eliminated (see the supple- 
mentary materials and data table S1). Our 
final, most tuned algorithm detected 18 x 10° 
reads (1.66 x 1077 hit rate), which clustered 
into 19 bins of at least 10 nonredundant bio- 
synthetic reads (data tables S3 to S5). 

As expected, six of these bins mapped to 
our initial set of six BGCs (bgcl to bgc6) and 
13 appeared to originate from new ones (Fig. 3 
and figs. S15 to S17). Only one bin, bin-W6, 
appeared to harbor two groups of reads with 
different abundance profiles (the first group 
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Fig. 4. Genetic organization of human-derived TII-PKS BGCs. Colored arrows in each BGC indicate genes 
following the color code on top. Typical TII-PKS biosynthetic domains (KSa, KSB, T, and the four possible 
types of Cyc) are shown to the right of each BGC. The main body site where each BGC was found, the subject 
cohort(s) in which it was discovered, and the bacterial species with the closest match to it are also indicated. 
Note that several BGCs are only found in metagenomic data and have no species designation. For more 


details, see data table S6. 


was found on average in 72 stool samples, 
whereas the second was found only in two 
stool samples), which were easily separated 
into bins W6a and W6b using more stringent 
clustering parameters (Fig. 3A, supplemen- 
tary materials, and data table S5). Various 
assembly approaches on 14 selected samples 
that have the highest abundance of the 14 new 
bins provided 10 complete BGCs and four 
partial ones. Of the new, complete ones, six 
were clearly TII-PKS BGCs that have not been 
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previously described (Fig. 4 and data table S6). 
Four of the six newly discovered TII-PKS BGCs 
(bgc9 to bgc12) could not be identified by 
antiSMASH (36), even after fully assembling 
them, further highlighting the sensitivity of 
our read-based discovery approach. For all 
complete TII-PKS BGCs, whenever a cyclase 
read was detected by an spHMM for a given 
interval, this read was mapped correctly to the 
same interval in the fully assembled cyclase 
gene (see the supplementary materials, data 
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tables S7 to S10, and fig. S18). The remaining 
six completely assembled bins do not repre- 
sent TII-PKS BGCs but instead represent sev- 
eral new architectures of OxyN-containing 
BGCs with no previously characterized func- 
tion (named here: nonpolyketide cyclase BGCs 
or NPCs) (fig. S15). 


TIl-PKS BGCs are widespread in both Western 
and non-Western cohorts 


We then used MetaBGC-Quantify to study the 
representation of all TII-PKS bins that pro- 
duced complete BGCs in the 2544 human 
samples (660 subjects). With a cutoff bin abun- 
dance of 10 reads per sample (see the supple- 
mentary materials), we detected at least one 
TH-PKS BGC in 122 (46%) of HMP-1-2 and HMP- 
1-2 subjects at any body site (total of 265 sub- 
jects). Of these TII-PKS-positive subjects, 93 
(76.2%) harbored TII-PKS-BGCs in the oral, 
gut, or skin microbiome, whereas 26 (21.3%) 
and three (2.5%) harbored them at two or all 
three body sites, respectively (Fig. 3, B and C, 
figs. S16 and S17, and data table S4). By an- 
alyzing longitudinal samples that originated 
from the same subject over different visits 
(collected a few months apart), we found 
that 52% (oral), 52% (gut), and 19% (skin) of 
subjects who were positive for a given TII-PKS 
bin at one visit were positive for the same bin 
at a subsequent one (Fig. 3D and data table 
S11). Finally, in the MetaHIT cohort in which 
only samples from the gut microbiome were 
available, 73 (18.5%) of the 395 subjects har- 
bored at least one TII-PKS bin (Fig. 3B and 
data table S4). 

After the analysis of the HMP-1-1, HMP-1-2, 
and MetaHIT cohorts (subjects from the United 
States, Denmark, and Spain), we investigated 
whether TII-PKS BGCs are also widespread in 
non-Western cohorts. To answer this question, 
we analyzed two additional cohorts (Fijicomp, 
a collection of 434 oral and fecal samples from 
Fijian subjects, and a Chinese cohort of 225 
fecal samples) (3, 26). From 28 x 10° total 
reads, MetaBGC detected 10 x 10° reads (3.6 x 
10~” hit rate), which were clustered into 
19 bins of >10 nonredundant biosynthetic reads 
(figs. S19 and S20 and data tables S3 to S5). 
Six bins mapped to TH-PKS BGCs and NPCs 
previously identified in the Western cohorts; 
two bins contained only false-positive reads 
and 11 appeared to be new ones. Of these, 
assemblies of 11 samples enabled the discov- 
ery of one complete and four partial TH-PKS 
BGCs and five NPCs (Fig. 4, fig. $15, and data 
table S6). Compared with the Western cohorts, 
15 (8%) and 56 (25%) of the Fijian and Chinese 
subjects, respectively, harbored at least one 
TII-PKS BGC in their gut microbiome, where- 
as 38 (13%) of the Fijian subjects harbored 
a TII-PKS BGC in either their gut or oral 
microbiome and four (1.4%) of them were 
positive in both body sites (figs. S19 and S20 
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Fig. 5. Experimental characterization of bgc3. (A) The DNA sequence of bgc3, 
discovered from human oral metagenomic data, was codon optimized for 
Streptomyces sp. and synthesized, assembled, and cloned into the heterologous 
host S. albus. Terminator (black dots) and constitutive promoter (black arrows) 
sequences were engineered to control the expression of bgc3 in S. albus (see 
the supplementary materials). (B) HPLC-MS analysis of a chemical extract from 


and data table S4). Taken together, these re- 
sults indicate that TII-PKS BGCs are wide- 
spread in the human microbiome of different 
populations at three major body sites (mouth, 
gut, and skin) and are harbored by consistent 
colonizers of the human body (stable over 
several months). 

Because MetaBGC infers the abundance of 
a given TII-PKS BGC from quantifying meta- 
genomic reads derived solely from its cyclase 
genes, we sought to further verify the validity 
of this inference. For all complete TII-PKS 
BGCs discovered in a given cohort, we mapped 
metagenomic reads from all samples in the 
same cohort to the entire length of the BGC 
using an independent read recruitment meth- 
od and investigated whether TII-PKS genes 
other than the four types of cyclases could be 
detected (see the supplementary materials). 
In >91% of the instances where a sample was 
deemed positive by MetaBGC for a given TII- 
PKS BGC, reads that mapped to both cyclase 
and noncyclase genes within the same BGC 
were detected in the sample (data tables S12 
to S16). In addition, a strong positive correla- 
tion was observed between the bin abundances 
calculated by MetaBGC and the independently 
calculated abundances for the entire BGCs ex- 
pressed in RPKM (reads per kilobase pair per 


Sugimoto et al., Science 366, eaax9176 (2019) 


12 14 16 18 20 


million sequenced reads) values: the Pearson 
correlation coefficient was 0.85 and the p-value 
was 2.2 x 10-'° (data tables S12 to S16). These 
results further validate MetaBGC as a sensitive, 
read-based algorithm for the discovery and 
quantification of TII-PKS BGCs in metagenomic 
samples of the human microbiome. 


TIl-PKS BGCs are encoded by diverse members 
of the human microbiome and expressed 
under host colonization conditions 


Altogether, we discovered 13 complete TH-PKS 
BGCs directly from metagenomic datasets of 
the human microbiome, each of which was 
found predominantly in one body site (mouth, 
skin, or gut) (Figs. 3B and 4). To gain more 
insight into the members of the human micro- 
biome with genomes that encode these BGCs, 
we searched the 13 BGCs against databases 
of reference genomes in NCBI and the Inte- 
grated Microbial Genomes and Microbiomes 
(IMG) (39) and successfully mapped eight of 
them to previously sequenced bacterial ge- 
nomes (the remaining five had no matches; 
see the supplementary materials). We found 
that TII-PKS BGCs are encoded by a diverse suite 
of Firmicutes (Streptococcus sp., Staphylococcus 
sp., Lactobacillus sp., and Blautia sp.) and 
Actinobacteria (Propionibacterium sp., and 
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Metamycin A (1) 
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the culture of S. albus::bgc3 (red) compared with one from S. albus with an 
empty vector control (blue). An HPLC chromatogram at the absorbance of 
400 nm is shown for both samples, indicating four bgc3-specific peaks 
produced by S. albus::bgc3 and not the control (1 to 4, highlighted in yellow). 
(C) Molecular structure of metamycins A to D (1 to 4), the products of bgc3. 
Asterisks indicate the relative configuration at the chiral carbons. 


Rothia sp.) (Fig. 4 and data table S6). The 
mapped BGCs have strain-specific represen- 
tation even among extensively sampled gen- 
era: bgcl and bgc9 exist in only one strain each 
out of ~3000 sequenced Streptococcus isolates, 
bgc5 exists in only one strain out of >5500 
sequenced Staphylococcus isolates, and bgc13 
exists in only one strain out of ~1000 se- 
quenced Lactobacillus isolates. These results 
indicate that human microbiome-derived TII- 
PKS BGCs are encoded by both sequenced and 
not-yet-sequenced members of the human 
microbiome in a strain-specific manner, fur- 
ther emphasizing the importance of discover- 
ing these pathways directly from metagenomic 
sequencing data. 

To determine whether the discovered TII- 
PKS BGCs are indeed expressed in the human 
body, we mapped publicly available meta- 
transcriptomic data from different human 
oral and fecal samples to the 13 complete 
TII-PKS BGCs discovered here (see the sup- 
plementary materials). Overall, we observed 
in vivo transcription of at least five oral BGCs 
(bgcl, bgc2, bgc3, bgc8, and bgc9) and one 
gut BGC (bgc6) in at least two different sam- 
ples each (fig. S21 and data table S17). These 
results suggest that TII-PKS BGCs are not 
only encoded in the human microbiome, but 
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are also expressed under host colonization 
conditions. 


Experimental characterization of TIl-PKS BGCs 
from the oral and gut microbiome 


To determine whether human microbiome- 
derived TII-PKS BGCs produce similar mol- 
ecules (in structure and biological activity) to 
their previously characterized counterparts 
from environmental bacteria, we selected two 
of the in vivo-expressed BGCs for experimen- 
tal characterization: an oral one (bgc3) and a 
gut one (bgc6). Because a native strain har- 
boring bgc3 had not yet been isolated at the 
beginning of this work, we undertook a syn- 
thetic biology strategy for its characteriza- 
tion. We synthesized the coding sequence of 
bgc3 optimized for the heterologous expres- 
sion in Streptomyces sp., a widely used host 
for the expression of small-molecule BGCs (in- 
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cluding TII-PKS BGCs) (40). bgc3 was syn- 
thesized in two overlapping fragments, with 
strong promoters driving the expression of 
its two potential operons (see the supplemen- 
tary materials and Fig. 5A). The fragments 
were then assembled into an Escherichia 
coli-Streptomyces-yeast shuttle vector by 
transformation-associated recombination in 
Saccharomyces cerevisiae and finally integrated 
into a phage attachment site on the chromosome 
of Streptomyces albus by bacterial conjugation 
(see the supplementary materials) (41). We then 
compared the organic extracts of cultures of 
recombinant S. albus::bgc3 with those of empty 
vector controls using high-performance liquid 
chromatography coupled with mass spectrom- 
etry (HPLC-MS), revealing the presence of sev- 
eral bgc3-specific peaks (Fig. 5B). 

To further characterize the bgc3 products, 
we scaled up the fermentation of S. albus:: 
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bgc3 (27 L) and then isolated, purified, and 
solved the structure of four new type II poly- 
ketides from its organic extract (compounds 
1 to 4, named metamycins A to D, respec- 
tively; Fig. 5), using a combination of HPLC- 
high-resolution tandem MS (HPLC-HR-MS/ 
MS), 1D and 2D nuclear magnetic resonance 
(NMR), and x-ray crystallography (see the sup- 
plementary text, figs. S22 to S37, and tables S1 
and S2). Metamycins A (1) and B (2) share the 
same aromatic, tricyclic backbone (C16), but 
differ in their starter unit at C16 (a sec-butyl 
moiety in 2 instead of an isopropyl one in 1). 
Metamycins C (3) and D (4) share a longer, 
tetracyclic aromatic backbone (C18) and sim- 
ilarly differ in their starter units. 

The second BGC that we characterized was 
bgc6 (Fig. 6A). This BGC is of special interest 
to us because of its variable prevalence in hu- 
man fecal samples from different cohorts, 
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from 7% in subjects from Fiji, to 17% in sub- 
jects from Denmark or Spain, to 23% in subjects 
from China, and finally to 28% in subjects from 
the United States (data table S4). In addition, 
bgc6 is encoded in the genome of the gut iso- 
late Blautia wexlerae DSM 19850 from the class 
Clostridia. This is unusual because TII-PKS 
BGCs are rarely encoded in anaerobic bacteria 
and only two anaerobes are known to produce 
aromatic polyketides (42-44). To characterize 
the product of bgc6, we amplified its coding se- 
quence from the genomic DNA of B. wexlerae 
DSM 19850, cloned it in an E. coli-Bacillus 
subtilis shuttle vector under a strong constitu- 
tive promoter, and integrated it into the genome 
of B. subtilis 168-sfp by natural transformation 
and double-crossover homologous recombi- 
nation to yield B. swbtilis-168-sfp::bgc6 (see 
the supplementary materials). B. subtilis was 
chosen in this case because it belongs to the 
same phylum as B. wevxlerae (Firmicutes), 
harbors an average guanine-cytosine (GC) 
content in its genomic DNA that is similar to 
that of B. wexlerae (GC content is 41.5% in 
B. wexlerae and 43.5% in B. subtilis-168), and 
has been previously used as a heterologous 
host for the expression of type I polyketides 
(e.g., 6-deoxyerythronolide B), so it should 
not be limited in primary polyketide sub- 
strates such as acetate and malonate (45). 
We then compared the organic extracts of 
cultures of B. subtilis-168-sfp::bgc6 and an 
empty vector control using HPLC-MS, reveal- 
ing a single bgc6-specific peak (Fig. 6B). Next, 
we scaled up the B. subtilis-168-sfp::bgc6 cul- 
ture (31L) and then isolated, purified, and eluci- 
dated the structure of a single new molecule 
(compound 5, named wexrubicin) using a com- 
bination of HPLC-HR-MS/MS and NMR (see 
supplementary text, figs. S38 to S44, and table 
83). Wexrubicin has a tetracyclic, anthracycline 
ring system (C21) connected with a B-glucose 
moiety at C4, which is consistent with an en- 
coded glycosyl transferase in bgc6 (Fig. 6C). 


Biological activity of type II polyketides 
encoded in the human microbiome 


The discovery of 1 to 5 not only shows that 
the human microbiome encodes previously 
undescribed type II polyketides, but also that 
some of these molecules resemble to a great 
extent clinically used drugs. Wexrubicin (5), 
for example, falls into the group of anthracy- 
cline polyketides, which includes the clin- 
ically used anticancer drugs doxorubicin and 
danuribicin, as well as the antitumor antibi- 
otic molecules tetracenomycin and elloramy- 
cin (46, 47). Conversely, metamycins A and B 
(1, 2), and C and D (3, 4) resemble the pre- 
viously isolated antibiotics setomimycin from 
S. pseudovenezuelae and oviedomycin from 
S. antibioticus, respectively (48, 49). To deter- 
mine whether microbiome-derived polyketides 
exert the same biological activity as their close- 
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ly related derivatives, we tested them in two 
types of assays: cytotoxicity against mamma- 
lian cell lines and antimicrobial activity against 
selected bacteria and fungi (see the supplemen- 
tary materials). Compared with doxorubicin as 
a positive control, none of the tested molecules 
showed notable cytotoxicity against HeLa cell 
lines (fig. S45). 

In antimicrobial assays, however, metamy- 
cins C and D (3, 4) showed strong inhibitory 
activity against several Gram-positive bacteria 
at a magnitude similar to that of the clinical- 
ly used antibiotic tetracycline in some cases. 
These molecules were most potent against 
oral isolates of Streptococcus, Atopobium, 
Actinomyces, Rothia, and Corynebacterium 
sp. (Fig. 6D). Being the products of an oral 
BGC (bgc3), these results suggest that meta- 
mycins C and D (3, 4) may play a role in niche 
competition in the oral cavity or in host pro- 
tection against pathogens. This is consistent 
with the fact that bgc3 is expressed in human 
supragingival plaque samples during early bio- 
film formation, as determined by metatran- 
scriptomic analysis (fig. S21 and data table S17). 
Because no cytotoxicity or antibacterial activity 
was detected for metamycins A and B (1, 2) or 
wexrubicin (5), further studies are needed to 
provide insights into their biological role. 


Discussion 


Although substantial efforts have been spent 
on documenting and characterizing diverse 
small molecules encoded by human-associated 
bacteria, no aromatic polyketides have been 
previously described from the human micro- 
biome. Here, we used a new computational 
strategy for the discovery of small-molecule 
BGCs directly from human microbiome- 
derived metagenomic sequencing data, reveal- 
ing the unexpectedly wide distribution of BGCs 
encoding for this relatively rare class of mole- 
cules in the human microbiome (~50% of sub- 
jects from the United States carry at least one 
BGC of this class). We then combined this 
in silico approach with a synthetic biology 
strategy to heterologously express the identified 
BGCs and directly discover their chemical pro- 
ducts. The structural diversity observed in the 
products of two of the 13 BGCs discovered 
here, and the fact that they resemble in struc- 
ture or biological activity clinically used drugs, 
clearly motivate further functional investiga- 
tions into this class. These investigations will 
not only serve as an important avenue for 
elucidating microbiome-host interactions at 
the molecular level, but they will also serve as 
an unprecedented resource for drug discovery 
from within the human body. 

Our computational strategy relies on repur- 
posing and tailoring established probabilistic 
models for the use with short-read metagenomic 
data, which achieves high-sensitivity and high- 
specificity detection of target protein families. 
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We focus on not one but four distinct protein 
families in this study as a proof of principle 
(TH-PKS cyclases and aromatases), which dem- 
onstrates the generality of our method. The 
same approach could be easily adapted to any 
protein family of interest, including ones that 
are specific to other types of BGCs. To illus- 
trate this point, we applied our same strategy 
to two new protein families that are specific 
to BGCs that encode two additional types of 
small molecules (siderophores and lanthipep- 
tides). In both cases, we were successful in 
separating low- and high-performance spHMMs 
and in using the four modules of MetaBGC 
using synthetic dataset 2 (see the supplementary 
materials, data table S18, and figs. S46 to S49). 

The performance and limitations of MetaBGC 
depend on several factors. First, to be used as 
a discovery and quantification method for a 
given BGC, it is important that spHMMs are 
built for a protein family that is both specific 
for and universally found in the BGC of in- 
terest. Second, a relatively high-performance, 
full-size DHMM needs to be generated before 
segmentation, which relies in turn on the 
availability of sufficient numbers and a proper 
alignment of sequenced homologs for the 
protein family of interest. Third, a carefully 
designed synthetic dataset needs to be gen- 
erated to reflect as much as possible the ex- 
pected complexity in the real metagenomic 
datasets of interest and to evaluate the spHMMs 
and tailor their score cutoffs. Finally, several 
flexible parameters need to be optimized on the 
basis of the specific study goals, including the 
size of the spHMM segments (depending on 
the read length of the search data), the F1 and 
spHMM score cutoffs (depending on how con- 
servative the discovery goals are), the minimum 
number of nonredundant biosynthetic reads 
to define a new bin, the minimum bin abun- 
dance to define the “presence” or “absence” of 
a given bin in a metagenomic sample (depend- 
ing on how sensitive the study is designed to 
be), and, finally, the minimum Pearson corre- 
lation distance used in the clustering step, 
which dictates the stringency of the binning. 
We have provided example settings for these 
parameters in our current study, which can 
be used as starting points for new applica- 
tions and further optimized as needed. 

In conclusion, we present a general strategy 
that is useful for quickly profiling metage- 
nomic datasets from large clinical cohorts and 
prioritizing candidate BGCs for experimental 
characterization. More broadly, we see this as 
a systematic strategy for unveiling the chem- 
ical repertoire encoded by the human micro- 
biome, a much-needed step for understanding 
its role in human health and disease. 


Materials and methods summary 


An expanded materials and methods section 
can be found in the supplementary materials. 
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Development of MetaBGC 

MetaBGC is composed of four modules. In 
MetaBGC-Build, spHMMs are developed for 
every protein family of interest and evaluated 
using a synthetic metagenomic dataset that 
harbors reads from two groups of bacterial ge- 
nomes: genomes that encode diverse members 
of the protein family of interest (but not in- 
cluded in the spHMMs) and genomes that lack 
any. In MetaBGC-Identify, high-performance 
spHMMs are used to search billions of trans- 
lated metagenomic reads from thousands of 
metagenomic samples to identify “biosynthetic 
reads.” In MetaBGC-Quantify, identified bio- 
synthetic reads are de-replicated and quan- 
tified in all samples of a given cohort and an 
abundance profile matrix is built for all reads 
in all samples. Finally, in MetaBGC-Cluster, 
biosynthetic reads are clustered into “bio- 
synthetic read bins” on the basis of their 
abundance profiles across samples. These bins 
are then used to calculate “biosynthetic read 
bin abundance” in each sample and as seeds 
for targeted or untargeted BGC assembly ef- 
forts from the sample with the highest abun- 
dance of a given bin. For exact details about 
the development of MetaBGC, see the supple- 
mentary materials. 


Using MetaBGC to search metagenomic 
sequencing data of the human microbiome for 
TII-PKS BGCs 


High-performance spHMMs for four types of 
cyclases and aromatases commonly found in 
TII-PKS BGCs were developed and used to 
search quality-filtered and translated metage- 
nomic sequencing reads from five large cohorts 
(HMP-1-1, HMP-1-2, MetaHIT, Chinese, and 
Fijicomp). After quantification, clustering, and 
assembly of biosynthetic read bins, complete 
TU-PKS BGCs were annotated and two were 
selected for experimental characterization. 
For details about the complete set of analy- 
ses performed on the five cohorts and the 
discovered TII-PKS BGCs, see the supple- 
mentary materials. 


Experimental characterization of two human 
microbiome-derived TII-PKS BGCs 


Out of the 13 identified TII-PKS BGCs, we 
selected two, bgc3 and bgc6, for experimental 
characterization on the basis of their profiles 
in metagenomic and metatranscriptomic 
datasets. The metagenomic DNA sequence 
for bgc3 was codon optimized, synthesized, 
and engineered for heterologous expression 
in S. albus, and that of bgc6 was amplified 
from genomic DNA isolated from B. wexlerae 
DSM 19850 and engineered for heterologous 
expression in B. subtilis. Heterologous ex- 
pression lines harboring the BGCs or empty 
vector controls were cultured, chemically ex- 
tracted, and analyzed using HPLC-MS. Large- 
scale cultivation experiments of the expression 
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lines were used to provide enough materials 
for the isolation and purification of the five 
type II polyketide molecules reported here. 
Structural elucidation of the purified mole- 
cules was performed using a combination of 
NMR, x-ray crystallography, and MS. Biolog- 
ical activity of the purified molecules was 
assessed using cytotoxicity assays against 
HeLa cells and minimum inhibitory concen- 
tration (MIC)-on-agar assays against sev- 
eral pathogenic and commensal bacteria. 
For additional details, see the supplemen- 
tary materials. 
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Stepwise Earth oxygenation is an inherent property 
of global biogeochemical cycling 


Oxygenation of Earth’s atmosphere and oceans occurred across three major steps during the 
Paleoproterozoic, Neoproterozoic, and Paleozoic eras, with each increase having profound consequences 
for the biosphere. Biological or tectonic revolutions have been proposed to explain each of these 
stepwise increases in oxygen, but the principal driver of each event remains unclear. Here we show, using 
a theoretical model, that the observed oxygenation steps are a simple consequence of internal feedbacks 
in the long-term biogeochemical cycles of carbon, oxygen, and phosphorus, and that there is no 
requirement for a specific stepwise external forcing to explain the course of Earth surface oxygenation. 
We conclude that Earth’s oxygenation events are entirely consistent with gradual oxygenation of the 


planetary surface after the evolution of oxygenic photosynthesis. 


xygenation of Earth’s surface environ- 
ment is thought to have occurred across 
three broad steps (Fig. 1). The Great 
Oxidation Event (GOE) occurred around 
2.4 to 2.2 billion years ago (Ga) and saw 
atmospheric O, rise from trace levels to more 
than 10° of the present atmospheric level (PAL) 
(1). The following ~1 billion years (Gyr) of the 
Proterozoic eon likely sustained atmospheric 
O, levels of ~10? to 107 PAL (2). Partial oxygen- 
ation of the surface ocean persisted throughout 
the Proterozoic (3), but deeper waters remained 
dominantly anoxic (4). The Neoproterozoic 
Oxygenation Event (NOE) occurred between 
~800 and 540 million years ago (Ma) and is 
generally believed to have resulted in atmo- 
spheric O, levels of 0.1 to 0.5 PAL, as well as 
the first oxygenation of the deep ocean (5). 
However, there was considerable variability 
in the temporal and spatial extent of deep- 
ocean oxygenation at this time, including the 
possibility of pulsed oceanic oxic events (6). 
Evidence for periodic deep-water anoxia re- 
mains frequent up until the mid-Paleozoic, 
when a final major rise in atmospheric O, 
concentration occurred around 450 to 400 Ma 
(7). This Paleozoic Oxygenation Event (POE) 
appears to have elevated atmospheric O, to 
present-day levels and established a dom- 
inantly oxygenated deep ocean, which persisted 
throughout the Mesozoic and Cenozoic eras. 
These major oxygenation steps are inter- 
twined with the evolution of progressively 
more complex life-forms. The first eukaryotes 
evolved either after the GOE or during the 
run-up to the event when O, began to rise (8), 
whereas the NOE was coincident with major 
eukaryote diversification and the evolution of 
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the first animals (9), followed by the Cambrian 
explosion, during which animals began to 
dominate marine ecosystems. The POE was 
accompanied by a major increase in animal 
body size, more diverse and specialized pred- 
ators, and the evolution of vascular land plants 
(7). However, determining causality between 
rises in marine and atmospheric O, levels and 
the evolution of the biosphere is complex, and 
there is considerable debate over the role of O, 
in driving biological evolution versus the role of 
life in bioengineering O, to higher levels (0, 11). 

Tectonic evolution has also been considered 
as a potential driver of the stepwise transitions 
in Earth surface oxygenation. Changes to plate 
tectonics have been linked to the GOE through, 
for example, a change in the fraction of sub- 
aerial volcanism (12) or the composition of the 
crust (13). Some, but not all, supercontinent 
formation times correspond to oxygenation 
events (14), as do emplacement times of some 
large igneous provinces (LIPs), which are pro- 
posed to have driven ocean oxygenation 
through delivery of the limiting nutrient, 
phosphate (15). 
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However, the geologically rapid yet ultimately 
rare nature of Earth’s oxygenation events does 
not clearly correspond to either tectonic or 
evolutionary processes. For example, mantle 
dynamics and the supercontinent cycle are 
unlikely to produce large-scale changes on time 
scales of the order of less than ~100 million 
years (Myr), whereas LIP emplacements are far 
more common than major rises in O,. Looking 
to biological innovations, the time scale between 
the origination of a domain or kingdom of life 
and its rise to global ecological dominance may 
also be hundreds of million years (e.g., Eukarya) 
(6). Furthermore, the oscillations in ocean 
redox (reduction-oxidation) that are appar- 
ent during the NOE are difficult to explain 
through a sequence of tectonic or biological 
“switches” acting on the system (17). 

It is therefore possible that Earth’s stepwise 
oxygenation was not the product of individual 
trigger events and may instead be explained 
by some inherent property of global biogeo- 
chemical feedbacks. This hypothesis has wide 
implications for the evolution of life on Earth 
and other planets, and there have therefore 
been a number of attempts to explain the known 
stepwise O, trajectory as a feature of Earth’s 
internal dynamics: For example, it has been 
shown that atmospheric feedbacks might have 
promoted the GOE (/8, 19). However, no study 
has provided a sound theoretical basis that can 
explain the trajectory and timing of marine 
and atmospheric oxygenation over Earth’s his- 
tory without relying on either external trigger 
events or arbitrary switches in the model itself 
(such as assuming a transition to greater nu- 
trient availability when O, crosses a threshold) 
(20, 21). 


Biogeochemical feedbacks 


Here we identify a set of feedbacks that 
exist between the global P, C, and O cycles, 
which are capable of driving rapid shifts in 
ocean and atmospheric Oy, levels without 
requiring any stepwise change in either tec- 
tonics or the evolution of the biosphere. These 
feedbacks reproduce the observed three-step 


NOE POE 


1Ga 0 Ga 


Time 


Fig. 1. Redox history of Earth. Atmospheric O2 based on (47). Crosshatching indicates variable deep-ocean 
redox between the start of the NOE and the POE. See text for a summary and related references. 
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oxygenation pattern when driven solely by a 
gradual shift from reducing to oxidizing sur- 
face conditions over time. 

Phosphorus (P) is generally considered the 
ultimate limiting nutrient for marine pro- 
ductivity over geological time scales (22), and 
P bioavailability exerts a key control on the 
long-term rate of O2 production through oxy- 
genic photosynthesis and organic carbon (Cy...) 
burial. In the modern ocean, bioavailable P 
is fixed in the sediments via three primary 
pathways. Organic-bound P (Por) is buried 
with sinking organic matter, iron-bound P (P,,) 
forms as P is adsorbed or coprecipitated with 
iron (oxyhydr)oxide minerals, and authigenic 
P (Pautn) is primarily formed in the sediment by 
means of “sink switching” of these phases to 
carbonate fluorapatite and/or vivianite (23-25). 

The phase partitioning of sedimentary P is 
largely controlled by redox conditions in the 
water column and sediments. P may be pref- 
erentially released from organic matter during 
remineralization under anoxic conditions, lead- 
ing to elevated Coye:Pore ratios in the sediment 
(26), increased recycling of P back to the water 
column, and reduced formation of authigenic 
carbonate fluorapatite (27, 28). The availability 
of iron (oxyhydr)oxides is also typically con- 
sidered to diminish in an anoxic system, which 
limits the burial of Pp, (23), although this dy- 
namic becomes more complex when consid- 
ering the prevalence of low-sulfate, ferruginous 
(anoxic Fe-rich) oceanic conditions throughout 
large parts of Earth’s history (4), whereby Fe 
minerals may trap a proportion of the P de- 
livered to the sediment (29). 

Assuming that bottom-water anoxia leads 
to an overall enhancement of sedimentary P 
regeneration, two important feedback mech- 
anisms arise that affect global biogeochemistry, 
with each operating over a different time scale. 
First, a short-term positive-feedback mecha- 
nism (self-promoting) operates, whereby the 
spread of ocean anoxia results in increased P 
availability in the water column. This stim- 
ulates primary productivity and fuels respi- 
ration, thus further increasing P availability 
(26). These eutrophic conditions rapidly deplete 
water-column O, and in turn increase the rate 
of spread of anoxia. Second, a geologically paced 
negative feedback mechanism (self-inhibiting) 
operates on the combined C-O-P cycles, whereby 
the burial of C,,, in marine sediments leads to 
oxygenation of the atmosphere. This increase in 
partial pressure of oxygen (Po.) drives higher 
rates of oxidative weathering of ancient sedi- 
mentary Co; (30) and ventilates the ocean, 
acting to stabilize O2 by both reducing the rate 
of Co,¢ burial and increasing the consumption 
of O» on land. 

Theoretical models have previously linked 
the above feedbacks to the geologically rapid 
onset of Cretaceous ocean anoxic events and 
to their delayed termination through increas- 
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ing atmospheric O, (28). It has also been 
shown that under an increased continental 
weathering input of P, self-sustaining oscilla- 
tions between oxic and anoxic oceanic states 
might occur (37). We hypothesize here that the 
above feedbacks are in fact sufficient to ex- 
plain the stepwise oxygenation of Earth’s at- 
mosphere and oceans, including apparent 
cyclic ocean oxygenation and deoxygenation 
events during the Neoproterozoic and early 
Phanerozoic (6), which are followed by the 
transition to a sustained oxic deep ocean. 
First, the GOE can occur when the weather- 
ing of C,;¢ becomes the principal long-term 
O. sink. This can be achieved once the rate 
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of photosynthetic O2 production outpaces 
the consumption of O» by way of reaction 
with reduced gases and reduced seawater 
species. Second, cyclic oxygenation events 
in the NOE would be a likely consequence of 
the combined positive and negative feedbacks 
between ocean oxygenation and sedimentary 
P recycling, whereby a small shift toward a 
more oxygenated planetary surface results 
in gradual oxygenation of oceanic bottom 
waters. This would limit P regeneration from 
sediments, reducing short-term productivity 
and O, demand and thus further increasing 
dissolved O2 concentrations. This positive feed- 
back could oxygenate ocean basins, but only 


zone 


Surface ocean 


Porg 


Atmosphere and 
shallow ocean 


Reaction with 
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Fig. 2. Ocean and atmosphere box model. Boxes with background color show hydrospheric reservoirs, and 
gray arrows denote mixing between them. White boxes show chemical reservoirs, and black arrows denote 
biogeochemical fluxes. (A) Carbon cycle: C exists as dissolved inorganic carbon (DIC) or Corg. Prod., 
primary productivity; Remin., remineralization. (B) Phosphorus cycle: P exists as soluble reactive phosphorus 
(Preac) and Porg. W, weathering. (C) Oxygen cycle. Single O2 reservoir encompasses all ocean boxes that 
exchange with the atmosphere. Resp., respiration. See text for full description; see methods and other 
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Fig. 3. Model stable solutions 
with respect to overall 
surface redox state. The 
model is run to steady state for 
changes to the reduced gas 
input rate. (A) Atmospheric Oz 
eservoir. (B) Deep-ocean O2 
eservoir (mol) and shelf oxic 
fraction of seafloor (foxic)- 

(C) Molar C and P burial ratio 
in sediments. Three lines for 
each zone represent different 
choices of redox dependence 
for P burial fluxes (see text). 
Breaks in solid lines indicate 
periods when no stable solution 
exists; in these parameter 
spaces, the model produces an 
oscillating solution. 
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temporarily, because reduced P availability 
for primary productivity then leads to less Og 
production over geologic time scales, thus 
reducing atmospheric Oz, which eventually 
leads to a return to marine anoxia. Finally, a 
combination of the two mechanisms outlined 
above can result in sustained oceanic oxygen- 
ation. In this case, a sufficiently large increase 
in surface redox potential, coupled with a 
greater contribution of oxidative weathering 
to overall O, regulation, allows deep-ocean 
oxygenation to be maintained. 


Modeling results 


We test our hypothesis by building on a 
well-established conceptual model of marine 
biogeochemistry (28, 32, 33). The model tracks 
the global cycles of P, C, and O, in a four-box 
ocean system representing shelf, open-ocean, 
and deep-water environments (Fig. 2). We add 
to the model an atmospheric O, reservoir, a 
global geological O, cycle, oxidative weather- 
ing of Coz, and an open-ocean scavenging flux 
of P by upwelled Fe, basing these on other 
previous models (29, 30). 
Phosphorus-dependent primary productivity 
occurs in all surface ocean boxes, and redox- 
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dependent burial of P is included in all boxes 
that are in contact with the sediments. As in 
previous versions of the model, sedimentary 
inventories are not calculated explicitly, and 
regeneration of P from sediments is addressed 
through the net P burial terms, which follow 
previous model derivations (28, 32). Deep- 
ocean dissolved O, concentration is calculated 
explicitly, as is the O2 content of the atmo- 
sphere. Following previous model versions, 
the O, content of the ocean boxes in contact 
with the atmosphere is represented by a 
“degree of anoxia” parameter, termed fanoxic, 
which represents the balance between O, dif- 
fusion from the atmosphere and Oy, use (32). 
An optional scavenging flux of P sorption to 
upwelling iron particles (29) is implemented 
to test the effects of additional P drawdown 
in a ferruginous (iron-rich) ocean, a state that 
may have persisted throughout much of Earth’s 
history (4). The scavenging flux directly fol- 
lows previous models (29), operating at Og 
concentrations below 1 uM and removing 
25% of the P that is upwelled into the open 
ocean. Full model equations are shown in the 
supplementary materials. As well as testing 
different limits on the scavenging flux, we 
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Fig. 4. Oscillating redox solutions. Transient 
model responses demonstrating limit cycles of 
frequency of ~5 to 20 Myr. (A) Conservative redox 
dependency for deep-ocean P burial terms 

(50% Pauth, 25% Pore) with 1 x 10° moles of Oz 
consumption. (B) Stronger redox dependencies 
(90% Pauth, 50% Porg) with 2.5 x 10'S moles of O2 
consumption (28). 


also ran sensitivity tests to vary the degree of 
redox dependency of the Po. and Paytn burial 
terms (following previous versions of this 
model). 

Figure 3 shows steady-state responses of the 
baseline model to variable fluxes of reduced 
gas to the surface system, representing overall 
changes in net surface redox over Earth’s 
history. All other parameters remain at their 
present-day values, and processes vary only 
by means of internal feedbacks. The redox 
dependence of the Poyg and Paytn burial fluxes 
were varied and are shown as different lines. 
The model runs with stronger redox depend- 
encies (40% for Pautn, 25% for Pore) respond 
first to oxygenation (leftmost lines in Fig. 3), 
with weaker dependencies (35% for Pautn; 
25% for Po-g, and 10% for both Pautn and Pore) 
plotted to the right of these. Under a very 
high reductant flux (left side of x axis in Fig. 3), 
as proposed for the Archean (>1 x 10" mol O. 
equivalent reductant input) (34, 35), O. pro- 
duction is overwhelmed and atmospheric Oz is 
stable at ~10-° PAL, consistent with pre-GOE 
conditions (36). The O, balance is primarily 
maintained by reaction of O2 with reduced 
gases (30). All surface and deep-ocean boxes 
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Fig. 5. Possible O2 evolution over 
Earth’s history. The model is run from 
4 Ga to present, subject to a decrease in 
reductant input, illustrative of a gradual 
shift in net redox and demonstrating 
possible evolution of surface Oz levels. 
Dotted boxes represent the boundaries 
of limit cycles in the solution. 

(A and C) Atmosphere and deep-ocean 
O» abundances. (B and D) Total shelf 

P burial rates (red; left axis) compared 
with P abundance in marine shales 
(right axis) (29). The gray line shows the 
50-Myr binned moving average through 
compilation data. wt %, weight %. 

(A and B) No iron-bound scavenging and 
edox dependencies of 50% (Pauth) and 
25% (Porg) (32), with a starting O2 
consumption via reductants of 45 x 

0” mol/year and a linear decrease. 

(C and D) lron-bound scavenging 
included with a maximum rate of 5 x 
0'° mol P/year. Plots show stronger 
edox dependencies (90% Payth, 50% 
Porg) (28). Starting O2 consumption via 
eductants was 45 x 10'* mol/year, 

with an exponential decrease. 
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are anoxic because of the low Og supply. A 
GOE occurs in the model when consumption 
of atmospheric O, by means of reduced gases 
is reduced to a value lower than the total O2 
source from C,,, burial (at ~1.5 x 10° mol O, 
equivalent). Atmospheric O, rises by several 
orders of magnitude to ~0.06 to 0.25 PAL, 
which is broadly consistent with several esti- 
mates for the mid-Proterozoic (0.01 to 0.1 PAL) 
(37), and the O, balance is primarily controlled 
by oxidative weathering (30). Deep-ocean O2 
concentration also rises to ~0.1% of the modern 
value, whereas the proximal and distal shelf 
environments remain anoxic because O, diffu- 
sion from the atmosphere is not sufficient to 
outweigh O, demand. 

Under a further decrease in reductant input, 
shelf environments undergo rapid oxygena- 
tion events. Gradually rising atmospheric O, 
concentrations cause a step change in water- 
column redox due to the positive feedback 
between bottom-water O, concentration and 
net P burial. Gradual ventilation of shelf bot- 
tom waters results in greater net removal of 
P, reducing overall O. demand and promot- 
ing further oxygenation. As the input of reduced 
gas declines, this transition happens first in 
the proximal shelf and then in the distal shelf 
environment because the latter is more strongly 
buffered against oxygenation, owing to the up- 
welling of P from anoxic deeper waters. Finally, 
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as reductant input declines further, the deep 
ocean becomes fully oxygenated (reductant 
input of <0.5 x 10” mol O, equivalent). The posi- 
tive feedback between dissolved O, concen- 
tration and net P burial again causes a rapid 
transition. In our model, the deep ocean is 
oxygenated when atmospheric O, reaches 
0.7 to 0.8 PAL, which is consistent with values 
reported in other studies (38). 

Figure 3C demonstrates the degree of sedi- 
mentary P recycling in the model (shown as 
Corg:Porg). These changing ratios reflect the 
positive feedbacks between bottom-water 
redox and P recycling. This P recycling is de- 
pendent only on the extent of bottom-water 
anoxia, and thus the model predicts a substan- 
tial degree of recycling before the GOE. How- 
ever, under global ferruginous conditions in 
the early Archean, P may have been more ef- 
fectively trapped in the sediment (29) (a test 
of this can be found in the supplementary 
materials). Nevertheless, this P trap would 
ultimately help to stabilize O, at low levels by 
reducing surface ocean productivity. 

The oxygenation of the distal shelf environ- 
ment has the potential for oscillatory behavior 
(limit cycles), denoted by the break in steady- 
state lines in Fig. 3. The oxygenation of the 
entire shelf environment results in a large re- 
duction in overall Co,,. burial rates (because 
the shelves are the major locus of Co,¢ burial). 
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Over geological time scales, this reduction in 
C burial sufficiently reduces the O. content of 
the atmosphere to return the shelves to an- 
oxia. Figure 4 shows this cyclic response of the 
model under reductant inputs of 1 and 2.5 x 
10” mol O. equivalent per year. The cyclic re- 
gime includes temporary oxygenation of both 
the distal shelf and the deep ocean, as the 
rapid oxygenation event results in increased 
supply of oxic water by means of down-welling. 
These ocean oxygenation events (OOEs) last 
between 2 and 5 Myr for the range of redox 
dependencies tested in the model and occur 
on approximate 5- to 20-Myr time scales. 
Our model demonstrates that gradual oxy- 
genation of Earth’s surface over time results 
in distinct oxygenation events. This occurs 
because, in our model, the atmosphere, con- 
tinental shelves, and deep ocean act as distinct 
compartments of the Earth system (39, 40), 
which are controlled by local rather than global 
feedbacks (41). First, a “great oxidation” of the 
atmosphere occurs, followed by oxygenation 
of near-shore shelf environments, and then 
distal shelf environments. This oxygenation of 
the whole shelf is manifest as an oscillating 
solution, which would likely lead to a series 
of OOEs. Finally, the deep ocean becomes re- 
siliently oxygenated. This sequence of events 
tracks the apparent oxygenation history of 
Earth as recorded by multiple redox proxies, 
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including cycling between oxic and anoxic 
deep-ocean states during the Neoproterozoic 
and early Paleozoic (6). Our model neglects 
some potentially stabilizing negative feedbacks, 
such as the climate-silicate weathering link, 
although models that do include these pro- 
cesses still exhibit rapid shifts in marine 
anoxia (42). 

In Fig. 5, we examine the potential for our 
model to recreate Earth’s oxygenation history 
by performing transient model simulations 
under a continuous decline in reductant in- 
put constrained by mantle thermal evolution 
(43). In light of the potential for high Archean 
reductant availability and outgassing, and con- 
sidering the relatively high rate of O2 produc- 
tion in our model, we test starting fluxes of 
4.5 x 10” mol O, equivalent per year at 4 Ga 
(35, 43). With or without the inclusion of open- 
water P scavenging, the model is able to recreate 
the broad observed pattern of atmospheric 
and oceanic oxygenation over Earth’s history. 
This includes a “great oxidation” of the at- 
mosphere at around 2.5 to 2 Ga and unstable 
oxygenation of the deeper ocean starting at 
around 1 Ga, which continues until permanent 
oxygenation of the deep ocean is established at 
around 0.7 to 0.4 Ga. 

We compare our model results with a com- 
pilation of P concentrations from marine shales 
(29) (Fig. 5). The data show an approximate 
fourfold increase in P weight percent between 
the Precambrian and Phanerozoic baselines, 
and this corresponds to an increase in P burial 
rate in the model shelf environment between 
the Proterozoic and oxygenated ocean states. 
Our model does not calculate sediment P 
weight percentages but does produce an up- 
ward baseline shift in the shelf sedimentary 
phosphorus burial rate, which is qualitatively 
consistent with the data. This increase in P buri- 
al is much greater when open-ocean scaveng- 
ing is included, as the shutdown of scavenging 
on deep-ocean oxygenation results in substan- 
tially more P remaining in the system, in ex- 
actly the manner described by Reinhard et ai. 
(29). We also note a two- to fourfold increase 
in shelf P burial rates when the model does not 
include open-ocean scavenging. This occurs sim- 
ply because more P is trapped in the sediments 
when the shelves become oxygenated. 

The reductant-driven oxygenation of the sur- 
face system that we analyze here, although 
plausible, is only one way in which to drive 
gradual net surface redox changes over time. 
Others include the long-term build-up of Coy, 
in the crust (13, 43), the escape of hydrogen to 
space (44), or a gradually increasing supply 
of P to the ocean. Net redox changes driven by 
continual removal of hydrogen or Co; from 
Earth’s surface should operate in a similar 
way to the addition of reduced gases that we 
explore here. Notably, in these model runs, 
under a fixed present-day rate of riverine 
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phosphate delivery and no scavenging flux, 
the model predicts a declining inventory of 
ocean P and declining rates of productivity and 
C burial over Earth’s history as sedimentary 
P recycling is curtailed (full details can be 
found in fig. S4). When scavenging is con- 
sidered, the P inventory and overall C,,. burial 
rates are broadly static through early Earth 
history and increase slightly when the deep 
ocean is oxygenated. Both model outputs re- 
produce the increasing P concentrations in 
shales through time (29), and although we 
cannot produce a 8C record with this model 
(because it lacks an inorganic C cycle), it would 
likely be consistent with the geological record, 
first because the model can produce either an 
increase or decrease in C,,, burial and second 
because ocean 5"°C is buffered by the adjust- 
ment of oxidative weathering rates at low 
O. (30) and by higher rates of inorganic C 
degassing and deposition on the early Earth 
(45). Nevertheless, although P input over Earth’s 
history is highly uncertain (46), it is commonly 
assumed that the P inventory, along with pro- 
ductivity and C burial rates, has increased subs- 
tantially over time. Thus, in the supplementary 
materials, we rerun our model under a varying 
riverine P input and show that the stepwise 
oxygenation events are indeed reproducible 
when Earth’s gradual redox shift is driven by 
a steady increase in P supply to the oceans. 

We demonstrate here that relationships be- 
tween the global P, C, and O cycles are fun- 
damental to understanding the oxygenation 
history of Earth. Our model confirms that ob- 
served oxygenation events throughout Earth’s 
history may be driven by well-defined internal 
system feedbacks between these cycles, without 
the requirement for extensive external forcing. 
The results of this analysis are far-reaching. It 
appears that oxygenation of Earth’s surface did 
not require any biological advances beyond 
simple photosynthetic cyanobacteria and was 
simply a matter of time, which substantially 
increases the possibility of high-O, worlds 
existing elsewhere. 
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DNA loop extrusion by human cohesin 


lain F. Davidson, Benedikt Bauer, Daniela Goetz*, Wen Tang, Gordana Wutz, Jan-Michael Peterst 


Eukaryotic genomes are folded into loops and topologically associating domains, which contribute 
to chromatin structure, gene regulation, and gene recombination. These structures depend on 
cohesin, a ring-shaped DNA-entrapping adenosine triphosphatase (ATPase) complex that has 
been proposed to form loops by extrusion. Such an activity has been observed for condensin, 
which forms loops in mitosis, but not for cohesin. Using biochemical reconstitution, we found that 
single human cohesin complexes form DNA loops symmetrically at rates up to 2.1 kilo—base pairs 
per second. Loop formation and maintenance depend on cohesin’s ATPase activity and on 
NIPBL-MAU2, but not on topological entrapment of DNA by cohesin. During loop formation, 
cohesin and NIPBL-MAU2 reside at the base of loops, which indicates that they generate loops 
by extrusion. Our results show that cohesin and NIPBL-MAU2 form an active holoenzyme 

that interacts with DNA either pseudo-topologically or non-topologically to extrude genomic 


interphase DNA into loops. 


n eukaryotic interphase cells, DNA is folded 

over long distances into loops and topo- 

logically associating domains (TADs) (-3), 

which contribute to gene regulation and 

recombination (4, 5). These structures de- 
pend on cohesin (6-9), a ring-shaped ATPase 
(Fig. 1A) that is also essential for sister chro- 
matid cohesion and belongs to the SMC (struc- 
tural maintenance of chromosomes) family of 
protein complexes found in all kingdoms of 
life [(10); reviewed in (11)]. 

How cohesin forms loops and TADs is un- 
known, but one hypothesis posits that cohesin 
extrudes DNA loops until it encounters conver- 
gently oriented “loop anchor” DNA sequences 
that are bound by the zinc finger protein CTCF 
(12, 13). This hypothesis could explain why 
cohesin and CTCF colocalize (14, 15) at TAD 
boundaries (J, 2) and loop anchors (3), why 
these contain CTCF sites in convergent ori- 
entations (3), and why increasing cohesin’s 
residence time on chromatin causes the 
formation of longer loops (6, 9, 16) and 
relocalization of cohesin into axial chromo- 
somal domains called “vermicelli” (13, 17). 
The loop extrusion hypothesis is also con- 
sistent with cohesin being highly mobile in 
the genome (/8, 19) and is supported by the 
observation that the related SMC complex 
condensin can extrude loops in vitro (20), a 
property that can explain DNA folding in 
mitotic chromosomes (2/-23). However, there 
is no evidence that cohesin can form DNA 
loops by extrusion or that cohesin possesses a 
motor activity that would enable such a pro- 
cess, and it has been pointed out that loops 
could also be formed by sporadic encounters 
of distant DNA sequences (77). 
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ATP hydrolysis—dependent DNA looping by 
cohesin and NIPBL-MAU2 

We therefore analyzed whether recombinant 
human cohesin®™“ complexes (fig. SIJ) (24) 
can form DNA loops by using an assay (25) in 
which yeast condensin performs loop extrusion 
(20). In these experiments, linear 48.5-kbp 
A-phage DNA molecules were tethered at 
both ends to a glass surface in a flow cell, 
stained with Sytox Orange, stretched by 
perpendicular buffer flow, and imaged by 
total internal reflection (TIRF) microscopy 
in the presence of cohesin®™““! and ATP to 
visualize DNA looping (Fig. 1B). However, 
under these conditions, no loop formation 
was observed (0/372 DNAs analyzed; fig. 
SIA). Because recombinant cohesin could 
differ from endogenous cohesin, we gener- 
ated HeLa cells in which all SCC1 alleles were 
modified to encode SCC1-Halo-FLAG fusion 
proteins and affinity-purified a mixture of 
cohesinS™“@ and cohesinS!“@ (Fig. 1C), in 
which cohesin’™““ was more abundant than 
cohesin®™““! by a factor of 3 (26). However, 
this preparation also did not cause loop for- 
mation (0/503 DNAs analyzed; Fig. 1E, fig. SIB, 
and movie S1). 

Because condensin formed loops (20) under 
conditions in which cohesin failed to do so, we 
next considered differences between cohesin 
and condensin. Although both complexes share 
a ring-like architecture in which two elongated 
SMC proteins are connected via their hinge 
domains and akleisin subunit [reviewed in 
(11)], condensins are pentamers that contain 
two HAWKs (HEAT repeat proteins associ- 
ated with kleisins) (27), whereas cohesin com- 
plexes are tetramers containing only one HAWK. 
In somatic human cells, this can either be 
STAGI1 or STAG2 (Fig. 1A) (28). However, 
cohesin is regulated by three additional 
HAWKs (Fig. 1A). NIPBL is thought to load 
cohesin onto DNA (29, 30), whereas PDS5A 
and PDS5B have multiple functions, includ- 
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ing release of cohesin from DNA (37), enabling 
cohesin acetylation (32), and contributing 
to TAD boundaries (9). We therefore tested 
whether cohesin forms loops in the presence 
of one of these HAWKs. 

When we added recombinant PDS5A or 
PDS5B (fig. SID) to HeLa cohesin, no DNA 
looping was observed (0/493 and 0/476 DNAs 
analyzed, respectively; Fig. 1E and fig. S1, 
C and D). However, when recombinant NIPBL 
bound to MAU2 (Fig. 1D) was combined 
with either HeLa cohesin or recombinant 
cohesinS™“!, we observed looping in 238/511 
(47%) and 142/344 (42%) of DNA molecules, 
respectively (Fig. 1, E, F, G, and M, fig. S2A, 
and movies S2 and S83). Looping was also 
observed in the absence of buffer flow [227/ 
372 (61%) of DNAs], indicating that loops 
were formed actively by cohesin rather than 
passively by stretching DNA (Fig. 1H and fig. S2, 
B and C). Loops formed at a single position 
and incorporated DNA symmetrically from 
both ends (30/30 looping events; Fig. 1F and 
fig. $3, A and B), unlike loops formed by 
condensin, which extrudes DNA asymmetrically 
(20). Occasionally the base of cohesin loops 
moved along the DNA (Fig. 1, G and H). Sim- 
ilar observations were previously made using 
condensin mutated in a kleisin “safety belt” 
that normally encircles DNA (20), raising the 
possibility that cohesin lacks such a safety belt. 
Cohesin loops reached maximal size within 
45 s from the onset of looping, and 424/447 
(95%) of them were maintained during sub- 
sequent imaging for ~8 min. The remaining 
loops were released, returning DNA to its orig- 
inal stretched conformation (fig. SIE). Infre- 
quent spontaneous cleavage of DNA likewise 
released looped DNA into its original shape 
(fig. SIF), ruling out the possibility that the 
observed structures were caused by recombi- 
nation. The two “arms” of DNA loops were 
usually closely aligned (Fig. 1F) but occasion- 
ally moved apart from each other, reveal- 
ing that they were only connected at the 
base of the loop (see figures below). Open 
DNA loops formed by cohesin could also be 
observed after paraformaldehyde fixation 
(Fig. 11). 

HeLa and recombinant cohesin formed loops 
at mean rates of 1 kbp s’ and 0.8 kbp s’, 
respectively (maximal rate 2.1 kbp s’; Fig. J 
and fig. $3, C and D), similar to the rate re- 
ported for yeast condensin [maximal rate 
1.5 kbp s (20)]. The rate correlated inversely 
with the distance between the tethered DNA 
ends (Pearson correlation coefficient r = -0.35, 
P = 0.001; fig. S3E). Looping also occurred 
more frequently on DNA molecules in which 
the tethered ends were closely spaced (fig. S3F). 
These findings suggest that looping by cohesin, 
like looping by condensin (20), is prevented 
when the force required to bend DNA exceeds a 
threshold. 
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Fig. 1. Human cohesin extrudes DNA loops in an NIPBL-MAU2- and ATP 


hydrolysis-dependent manner. (A) Illustration of cohesin, 


PDS5A/B, and 


NIPBL-MAU2. (B) Illustration of a flow cell containing tethered A-DNA molecules 


stretched by perpendicular flow. (©) Coomassie staining of He 


PAGE. JF646-HaloTag ligand was visualized by epi-red excitati 
IPBL-MAU2 after SDS-PAGE. (E) Fraction of DNAs that 


staining of recombinant 


La cohesin after SDS- 
jon. (D) Coomassie 


formed loops (mean + SD from three independent experiments) in the presence of 


the indicated components; n = 503, 511, 493, 476 DNAs ana 


yzed (from left to 


right). (F and G) DNA looping in the presence of the indicated components. 
DNA was visualized by Sytox Orange staining. Scale bar, 2 um. (H) As (F), except 


buffer flow was paused prior to loop extrusion (left). A DNA 


oop, visible as a 


bright dot, formed in the absence of buffer flow (center) and 
resumption of perpendicular flow (right). (I) As (F), except p 
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Fig. 2. Cohesin’s ATPase A 
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To investigate whether NIPBL-MAU2 
functions in looping by first binding DNA 
and then recruiting cohesin, we introduced 
NIPBL-MAU2 and cohesin sequentially into 
a flow cell (Fig. 1K). No looping was ob- 
served when NIPBL-MAU2 was introduced 
(0/327 DNAs; Fig. 1K and fig. SIG), nor when 
cohesin was added subsequently (0/327 
DNAs; Fig. 1K). In contrast, looping oc- 
curred on 225/327 (60%) of DNA molecules 
when cohesin and NIPBL-MAU2 were intro- 
duced simultaneously (Fig. 1K), indicating 
that cohesin can only loop DNA in the pres- 
ence of NIPBL-MAU2. 

Like yeast cohesin (33, 34), HeLa and re- 
combinant cohesin®™“ hydrolyzed ATP slowly 
but were activated by as much as a factor of 
30 by NIPBL-MAU2 and further by DNA 
(Fig. 2). Under these conditions, 2 (HeLa 
cohesin) or 1.7 (cohesinS““') ATP molecules 
were hydrolyzed per cohesin complex per 
second (Fig. 2, C and D). DNA looping was 
supported by ATP [199/426 (47%) of DNAs 
analyzed] but not cytidine triphosphate (CTP) 
(0/366 of DNAs; Fig. 1L and fig. S1H) and did 
not occur in the presence of ATP binding- 
deficient or ATP hydrolysis-deficient mutants 
of cohesinS™“ [0/377 and 0/406 of DNAs, re- 
spectively, compared to 142/344 (41%) of DNAs 
in the presence of wild-type cohesin®“““; 
Fig. 1M and fig. S1, J and K]. Cohesin can 
therefore form DNA loops in a manner that 
depends on its ATPase activity and on 
NIPBL-MAU2. 
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Cohesin and NIPBL-MAU2 are located at the 
base of DNA loops during extrusion 

If cohesin loops DNA by extrusion, it must be 
present at the base of loops. Indeed, Janelia 
Fluor 646 (JF646)-labeled HeLa and recom- 
binant cohesinS'“! (Fig. 1C and fig. S1J), as 
well as NIPBL-MAU2 (Fig. 3G), were present 
at the base of loops and moved against buffer 
flow during their formation (Fig. 3, A, B, and 
H, fig. S4, and movies S4 and S5). To deter- 
mine whether looping is mediated by single or 
oligomeric cohesin complexes, we measured 
the fluorescence intensity of HeLa cohesin 
at the base of loops (n = 62) and compared 
it to the intensity of cohesin bound to glass 
(n = 815), where the oligomeric state of cohesin 
could be analyzed by photobleaching (for 
technical reasons, we were unable to detect 
bleaching of cohesin on DNA). For both cohesin 
populations, fluorescence measurements 
yielded single peaks with similar mean in- 
tensities (217 and 242 a.u., respectively; Fig. 3, 
C and D), and in the latter case most signals 
bleached in a single step, indicative of mono- 
meric cohesin [37/50 (74%) of cohesin signals 
analyzed; Fig. 3E], or did not bleach [8/50 
(16%)]. In rare cases, cohesin on glass exhib- 
ited a fluorescence intensity of ~500 a.u., in- 
dicative of a dimeric state, and bleached in two 
steps by going through a 250-a.u. intermediate 
[5/50 (10%) of cohesin signals analyzed; Fig. 
3F]. These data support the hypothesis that 
cohesin loops DNA by extrusion and does so as 
a monomer. 
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Cohesin translocates rapidly along DNA 
against the direction of buffer flow 

Yeast condensin can unidirectionally and 
ATP-dependently translocate along extended 
DNA molecules at 0.06 kbp s‘ (35). Our flow 
cells also contained some singly and doubly 
tethered DNA molecules that were stretched 
in the direction of buffer flow and not ori- 
ented perpendicular to it (fig. S2B, arrowheads). 
Along these, cohesin frequently translocated 
against the direction of buffer flow at a mean 
rate of 0.4. kbp s* [164 translocating cohesin 
signals along 345 DNAs analyzed (0.48 trans- 
locating cohesin signals per DNA); Fig. 4, A, 
B, C, E, and F]. The fluorescence intensity 
distribution of translocating cohesin (Fig. 
4D) closely resembled that of cohesin at the 
base of loops and on glass (Fig. 3, C and D), 
indicating that cohesin also translocated as a 
monomer. We did not observe cohesin trans- 
locating in the direction of buffer flow, pos- 
sibly because such cohesin molecules had 
reached the ends of DNA molecules before 
they could be imaged. Like loop extrusion, 
cohesin translocation was strictly dependent 
on ATP and NIPBL-MAU2 (Fig. 4, E and F). 
The relationship between cohesin trans- 
location and loop extrusion is unknown, 
but we speculate that translocation, which 
occurs at approximately half the rate of 
loop formation, represents a partial extru- 
sion reaction in which cohesin translocates 
on a single DNA rather than along the two 
arms of a loop. 
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Fig. 3. Cohesin and NIPBL-MAU2 are located at the base of DNA loops 
during extrusion. (A) DNA looping and cohesin localization during flow-in of 
JF646-labeled recombinant cohesins™“!, NIPBL-MAU2, and ATP. DNA was 
visualized by Sytox Orange staining. Lower panel shows merged images. Scale 
bar, 2 um. (B) As (A), except DNA was incubated with JF646-labeled HeLa 
cohesin. Yellow arrowheads indicate position of cohesin during loop extrusion. 
(C and D) Fluorescence intensity distribution of HeLa cohesin (C) at the 


ATP and NIPBL-MAU2 are required for ongoing 
loop extrusion by cohesin 

The role of cohesin’s ATPase activity and 
NIPBL-MAU2 in loop extrusion could be 
indirect or direct (or both) by promoting 
loading of cohesin onto DNA or by enabling 
cohesin to extrude DNA, respectively. To dis- 
tinguish between these possibilities, we first 
initiated loop extrusion by HeLa cohesin, 
NIPBL-MAU2, and ATP for 8 min (Fig. 5A, 
step 1), then replaced the content of the flow 
cell with different combinations of NIPBL- 
MAU2, ATP, and CTP and monitored the 
loops for another 8 min (Fig. 5A, step 2). 
Throughout step 1, ~95% of loops remained 
stable (Fig. 5, F to I, step 1). When the content 
of the flow cell was replaced with NIPBL- 
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MAU2 and ATP, 98/104 (94%) of the remain- 
ing loops persisted (Fig. 5, B and F, fig. S5A, 
and movie S6), indicating that loops were 
maintained by DNA-bound cohesin that did 
not exchange with freely diffusing cohesin. 
When we substituted ATP for CTP (Fig. 5, C 
and G, fig. S5B, and movie S7) or introduced 
ATP in the absence of NIPBL-MAU2 (Fig. 5, D 
and H, fig. S5C, and movie S8), only 2/95 (2%) 
and 3/92 (3%) of loops were maintained, re- 
spectively. ATP and NIPBL-MAU2 are there- 
fore required for the maintenance of loops. 
These results, and our observations that cohesin 
can only loop DNA in the presence of NIPBL- 
MAU2 (Fig. 1K) and that NIPBL-MAU2 is 
located at the base of loops during their 
extrusion (Fig. 3H), suggest that NIPBL-MAU2 
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Time (s 


base of DNA loops (n = 62 cohesin signals) and (D) bound nonspecifically to 
the glass surface (n = 815 cohesin signals). (E) Time trace of cohesin signal 
binding nonspecifically to the glass surface and bleaching in one step. 

(F) As (E), except cohesin bleached in two steps. (G) Coomassie staining of 
recombinant NIPBL-MAU2 after SDS-PAGE. JF646-HaloTag ligand was 
visualized by epi-red excitation. (H) As (A), except DNA was incubated with 
unlabeled HeLa cohesin, JF646-labeled NIPBL-MAU2, and ATP. 


and cohesin’s ATPase activity are both required 
for cohesin-mediated loop extrusion per se. Be- 
cause 97% of DNA loops fell apart within 8 min 
after removal of unbound NIPBL-MAU2, most 
NIPBL-MAU2 must interact with cohesin tran- 
siently and dissociate from cohesin within this 
time period. 


The topology of cohesin-DNA interactions 
during loop extrusion 


Cohesin is thought to mediate cohesion by 
topologically entrapping sister DNA mole- 
cules inside its ring structure (36), but cohesin 
can also entrap single DNAs (37). Thus, topo- 
logical DNA entrapment could be a prereq- 
uisite for loop extrusion. Alternatively, cohesin 
could extrude loops “pseudo-topologically” by 
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Fig. 4. Cohesin translocates 
rapidly along DNA against the 


direction of buffer flow. (A and pled 


A Flow Singly-tethered DNA 
— 


B Doubly-tethered DNA 


o—_———_______ 


fe) 
B) Top: Illustrations of DNAs tethered : 


at one or both ends and stretched in 
the direction of buffer flow. Lower 
panels: Kymographs of JF646-labeled 
HeLa cohesin translocating along 
singly tethered (A) and doubly teth- 
ered (B) DNA molecules against the 
direction of buffer flow in the pres- 
ence of NIPBL-MAU2 and ATP. DNA 
was visualized by Sytox Orange 
staining. (C) Mean rate of JF646- 
labeled HeLa cohesin translocation 
against the direction of buffer flow in 
the presence of NIPBL-MAU2 and 
ATP. Median and quartiles are shown; 
n= 16 translocation events analyzed. 
(D) Fluorescence intensity distribution 
of cohesin translocating unidirection- 
ally against the direction of buffer flow; 
n= 17 cohesin signals. (E) Number 

of JF646-labeled HeLa cohesin trans- 
location events against the direction 
of buffer flow per DNA molecule 
(mean + SD from three independent 
experiments) in the presence of 
NIPBL-MAU2 and either ATP or CTP; 
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n=179, 178 DNAs analyzed (from left to right). (F) Number of JF646-labeled HeLa cohesin translocation events against the direction of buffer flow per DNA molecule (mean + 


SD from three independen 


A 1 2 
Flow in: Flow in: 
HeLa cohesin NIPBL-MAU2 + ATP 
NIPBL-MAU2 or 
ATP NIPBL-MAU2 + CTP 
or 
ATP 
or 
NIPBL-MAU2 + ATP 
+ 300 mM NaCl 


= <a 
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Fig. 5. ATP and NIPBL-MAU2 are required for ongoing 
loop extrusion by cohesin. (A) Experimental setup. Step 1: 
DNA molecules were stretched by perpendicular flow for 
8 min in the presence of the indicated components. Step 2: 
The content of the flow cell was replaced with the 
indicated components for 8 min. (B) A DNA loop formed 
during step 1 and maintained during flow-in of NIPBL- 
MAU2 and ATP in step 2. DNA was visualized by Sytox 
Orange staining. Scale bar, 2 um. (C) As (B), except the 
content of the flow cell was replaced with NIPBL-MAU2 
and CTP in step 2. (D) As (B), except the content of the 
flow cell was replaced with ATP in step 2. (E) As (B), 


= 
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experiments) in the presence of ATP + NIPBL-MAU2; n = 177, 183 DNAs analyzed (from left to right). 
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except the content of the flow cell was replaced with NIPBL-MAU2 and ATP in buffer containing 300 mM NaCl in step 2. The brightness of the step 2 image was 
enhanced to compensate for the reduced Sytox Orange signal in 300 mM NaCl. (F to I) Fraction of loops (mean + SD from three independent experiments) maintained 
in the indicated conditions; n = 108, 104, 97, 138 loops analyzed (from left to right). 
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described in (B) and then preincubated with or without STAGI; n = 429, 481, 432, 


387 DNAs analyzed (from left to ri 


ght). (G) Mean loop extrusion rate in the presence 


of STAGI, NIPBL-MAU2, ATP, and single-chain trimer cohesin incubated with 


BMOE + DTT as described in (B). 
analyzed (from left to right). (H 


Median and quartiles are shown; n = 17, 17 DNAs 
and I) DNA looping in the presence of the 


indicated components. Single-chain trimer was incubated with BMOE + DTT as 
described in (B). DNA was visualized by Sytox Orange staining. Scale bar, 2 um. 
(J and K) Models of cohesin-dependent loop extrusion. (J) Ongoing loop 


extrusion is dependent on ATP h 


ydrolysis by cohesin and on NIPBL-MAU2, which 


interacts with cohesin transiently. (K) Covalent fusion of all ring interfaces does 
not abolish loop extrusion by cohesin, consistent with models in which cohesin 
extrudes loops either non-topologically or pseudo-topologically. 
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threading a loop of DNA through its ring 
structure (Fig. 6K), or non-topologically by 
extruding in a manner that does not involve 
encircling DNA at all (37). To distinguish be- 
tween these possibilities, we tested whether 
loop extrusion is resistant to high-salt treat- 
ment [a property reported for topological 
cohesin-DNA interactions (29)] and whether 
loop extrusion depends on the integrity of the 
cohesin ring and on the ability of cohesin’s 
ring-forming subunits to transiently dissociate 
from each other, which would be required for 
topologically entrapping DNA. 

To address the first question, we initiated 
loop formation in the presence of 50 mM 
NaCl (Fig. 5A, step 1) and then increased 
the salt concentration to 300 mM (Fig. 5A, 
step 2). Under these conditions, only 1/133 
(<1%) of loops persisted (Fig. 5, E and I, and 
fig. S5D); such a result is consistent with 
non-topological DNA entrapment by cohesin, 
but also with the possibility that interactions 
between cohesin and NIPBL-MAU2 are salt- 
sensitive. 

We next generated a version of cohesin®™““ 
in which the kleisin SCC1 can be cleaved by 
tobacco etch virus (TEV) protease (fig. S6, 
A and B) (24), mimicking cleavage of cohesin 
by separase in metaphase. TEV cleavage re- 
duced but did not abolish cohesin recruitment 
to DNA (fig. S6C); however, it prevented loop 
extrusion [1/473 (<0.3%) DNAs; fig. S6D]. This 
result is consistent with the possibility that 
loop extrusion requires topological entrapment 
of DNA, but likewise with the possibility that 
SCCI's integrity is required for cohesin’s extru- 
sion function. 

To distinguish between these possibilities, 
we engineered a form of cohesin in which all 
interfaces could be covalently linked to pre- 
vent topological DNA entrapment. To do this, 
we generated a 369-kDa in-frame fusion of 
SMC3, SCCI, and SMC1, which were connected 
by linker sequences (Fig. 6A). In this “single- 
chain trimer,” we replaced all cysteine residues 
with serines and introduced a pair of cysteines 
in the hinge domains of SMC1 and SMC3 to 
allow cross-linking by bis-maleimidoethane 
(BMOE). Cross-linking efficiency was 82 + 6%, 
as measured by SDS-polyacrylamide gel elec- 
trophoresis (PAGE) mobility shift (Fig. 6B). 
Rotary shadowing electron microscopy revealed 
that single-chain trimers formed ring-like struc- 
tures indistinguishable from the ones formed 
by HeLa (38) and recombinant cohesinS™““ 
(24), except for the absence of a density cor- 
responding to STAGI or STAG2 (Fig. 6C; note 
that these rings appear “open” because SCC1 
is difficult to visualize). Like recombinant “wild- 
type” cohesin®™“™, single-chain cohesin hydro- 
lyzed ~1.7 molecules of ATP per second in the 
presence of NIPBL-MAU2 and DNA (Fig. 6D). 
ATP hydrolysis rates were not reduced by 
BMOE treatment and, as observed for yeast 
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cohesin (34), were unchanged in the presence 
of STAG] (Fig. 6, D and E). 

Although non-cross-linked single-chain 
trimer is an active ATPase, it did not form 
DNA loops (0/429 DNAs; Fig. 6F). However, 
when this protein was preincubated with re- 
combinant STAGI, loop extrusion occurred 
frequently [100/481 (21%) of DNAs; Fig. 6, F 
and G, and movie S9]. Remarkably, treatment 
of single-chain trimer with BMOE neither 
prevented nor even reduced loop extrusion 
in the presence of STAG [98/432 (23%) of 
DNAs; Fig. 6, F and G, and movie S10]. To test 
whether residual non-cross-linked cohesin 
could account for this activity, we diluted 
non-cross-linked single-chain trimer bound 
to STAGI to a concentration corresponding 
to the 18% that failed to be cross-linked in the 
previous experiments. This reduced the frac- 
tion of DNAs that were extruded from 21% to 
0.5% (2/387 DNAs; Fig. 6F), which suggests 
that the residual amounts of non-cross-linked 
cohesin are not sufficient to explain loop ex- 
trusion after BMOE treatment. Instead, these 
results indicate that cohesin can extrude 
loops even when all its interfaces have been 
covalently linked and that cohesin can there- 
fore perform this process without topologically 
entrapping DNA. This implies that cohesin 
performs loop extrusion by interacting with 
DNA either pseudo-topologically or non- 
topologically (Fig. 6K). Furthermore, these 
experiments revealed that STAG has an im- 
portant role in loop extrusion, even though it 
is dispensable for cohesin’s DNA-dependent 
ATPase activity. 


Discussion and conclusions 


Our results show that in the presence of 
NIPBL-MAU2, single cohesin complexes can 
form DNA loops by extrusion in a manner that 
depends on cohesin’s ATPase activity. How 
cohesin forms loops in the context of chro- 
matin remains unknown. However, the high 
frequency and speed of loop extrusion in vitro, 
combined with the fact that the loop extrusion 
hypothesis can explain cellular phenomena 
such as the CTCF convergence rule (3) and 
vermicelli formation (73, 17), strongly support 
the hypothesis that cohesin also forms loops 
and TADs by extrusion in vivo, thereby facil- 
itating key processes such as gene regulation 
(4) and immunoglobulin gene recombination 
(5). Given the high speed of loop extrusion ob- 
served in our experiments (mean rate 1 kbp s”), 
current estimates of loop formation rates in 
HeLa cells [0.375 kbp s 7 (7)], and the num- 
ber of cohesin complexes that have been iden- 
tified on chromatin [~160,000 during G, phase 
in HeLa cells (26)], an entire homan genome 
could be extruded rapidly, possibly in a few 
minutes. This implies that loop extrusion is 
a highly dynamic and therefore regulatable 
process. 
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Our observation that NIPBL-MAU2 is not 
only required to initiate loop extrusion but is 
essential throughout this process has several 
important implications. First, it indicates that 
even though cohesin-NIPBL-MAU2 interac- 
tions are short-lived in vitro, the active loop- 
extruding holoenzyme is cohesin bound to 
NIPBL-MAU2. Like condensin, cohesin there- 
fore needs two HAWKs for this process: STAG1 
or STAG2 and NIPBL. In contrast, and as pre- 
viously suggested (9, 34), PDS5 proteins may 
be HAWKs that inhibit loop extrusion, as 
they can compete with NIPBL for binding to 
cohesin (34, 39), do not stimulate cohesin’s 
ATPase activity (34), and are required for TAD 
boundaries (9). 

Second, and consistent with cellular obser- 
vations (16, 34, 40), cohesin’s ATPase and 
NIPBL-MAU2 cannot be required for cohesin 
loading alone but instead must have direct 
functions in loop extrusion (Fig. 6J). In the 
case of cohesin’s ATPase activity, one of these 
functions could be the generation of force to 
move DNA, and in the case of NIPBL-MAU2 
the stimulation of cohesin’s ATPase activity 
(33, 3&4) (Fig. 2). Given that cohesin’s ATPase 
activity and NIPBL-MAU2 function in loop 
extrusion, it will be worthwhile to reinvesti- 
gate whether these factors do in fact load 
cohesin onto DNA or whether they are merely 
required to keep cohesin there—for example, 
by enabling processive loop extrusion. Con- 
sistent with this possibility, yeast cohesin’s 
constitutive HAWK Scc3 (orthologous to hu- 
man STAGI and STAG2) is also needed for 
maintaining cohesin on DNA (4/1) and its 
NIPBL ortholog Scc2 is required for retaining 
cohesin on chromatin in G, phase (42). Such a 
scenario could also explain why a loading fac- 
tor has never been identified for condensin. 
This could either be because condensin’s 
HAWKs are performing this function or sim- 
ply because there is also no bona fide load- 
ing complex for cohesin. Our identification 
of cohesin-NIPBL-MAU2 as a potent loop ex- 
trusion factor will enable addressing these 
questions and the mechanistic basis of cohesin- 
dependent loop extrusion. 
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Human cohesin compacts DNA by loop extrusion 


Yoori Kim", Zhubing Shi?*, Hongshan Zhang’, Ilya J. Finkelstein?+, Hongtao Yu} 


Cohesin is a chromosome-bound, multisubunit adenosine triphosphatase complex. After loading onto 
chromosomes, it generates loops to regulate chromosome functions. It has been suggested that cohesin 
organizes the genome through loop extrusion, but direct evidence is lacking. Here, we used single- 
molecule imaging to show that the recombinant human cohesin-NIPBL complex compacts both naked 
and nucleosome-bound DNA by extruding DNA loops. DNA compaction by cohesin requires adenosine 
triphosphate (ATP) hydrolysis and is force sensitive. This compaction is processive over tens of 
kilobases at an average rate of 0.5 kilobases per second. Compaction of double-tethered DNA suggests 
that a cohesin dimer extrudes DNA loops bidirectionally. Our results establish cohesin-NIPBL as an 
ATP-driven molecular machine capable of loop extrusion. 


he ring-shaped cohesin complex binds 
chromosomes both topologically and 
nontopologically and regulates diverse 
chromosome-based processes, including 
chromosome segregation, DNA repair, 
and transcription (7-7). Human cohesin con- 
sists of the SMC1-SMC3 heterodimeric adeno- 
sine triphosphatase (ATPase), the kleisin subunit 
RAD21 that links the ATPase heads, and either 
of the helical repeat proteins STAG] or STAG2 
(Fig. 1A). Cohesin is loaded on chromosomes 
by the NIPBL-MAU2 complex (8-10). Muta- 
tions of cohesin subunits and NIPBL result in 
human developmental diseases with multi- 
system dysfunctions, collectively referred to as 
cohesinopathy (9, 17), likely because of tran- 
scriptional defects caused by cohesin deficiency. 
High-throughput chromosome conformation 
capture (Hi-C) experiments suggest that cohesin 
mediates the formation of chromosome loops 
and topologically associated domains (TADs) 
through a process called loop extrusion (5, 12-20). 
Single-molecule studies have demonstrated 
that the related SMC complex condensin can 
extrude DNA loops (21, 22). By contrast, cohesin 
has been reported to slide on DNA through 
adenosine triphosphate (ATP)-independent 
passive diffusion in vitro (23-25). Whether 
cohesin also has intrinsic loop extrusion activity 
remains an open question. Here, we addressed 
this question with single-molecule studies using 
recombinant human cohesin. 
The cohesin loader NIPBL remains bound 
to cohesin on chromosomes (26, 27) and is 
required for chromosome looping in cells (75). 
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We thus expressed and purified the recombi- 
nant human cohesin complex alone or bound 
to the C-terminal region of NIPBL (NIPBL‘, 
residues 1163 to 2804) in insect cells (Fig. 1B 
and fig. S1A). Cohesin alone had low basal 
ATPase activity, and this activity was greatly 
stimulated by NIPBL® and DNA (Fig. 1C) 
(28, 29). The ATPase-deficient cohesin SMC1A- 
E1157Q/SMC3-E1144Q (EQ) mutant exhibited 
minimal ATPase activity even in the presence 
of NIPBL° and DNA. Negative-stain electron 
microscopy showed that 51% (n = 352) of the 
chemically cross-linked cohesin-NIPBL‘ complex 
particles displayed a bent-rod-like conforma- 
tion with an overall length of ~50 nm (fig. S1, 
B and C), whereas the rest of the particles had 
a shorter, thicker rod shape with a length of 
~33 nm. These conformations likely represent 
different forms of cohesin, with SMC1-SMC3 
hinge domains partially or fully folded back 
toward their head domains, as had been pre- 
viously observed for both human and yeast 
cohesin (30, 31). 

If cohesin can extrude DNA loops, then it 
would be expected to compact DNA. To test 
this possibility, we used total internal reflec- 
tion fluorescence microscopy to observe aligned 
arrays of DNA molecules on a lipid bilayer 
surface in real time (Fig. 1D and movie S1) 
(32, 33). DNA was stained with the green 
fluorescent dye YOYO-1. After incubating the 
DNA curtains with unlabeled cohesin-NIPBL© 
in the absence of buffer flow, we observed that 
all DNA molecules were completely compacted 
to the barrier in the presence of ATP (fig. S2), 
and this compaction could not be reversed by 
resuming flow. 

We then fluorescently labeled NIPBL° with 
quantum dots (QDs) to visualize the cohesin- 
NIPBL© complex. The QD-labeled cohesin- 
NIPBL° complexes rapidly bound to the DNA 
array as soon as it entered the flow cell (Fig. 
1E). We observed single QD-tagged complexes, 
as indicated by intermittent QD photoblinking 
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(34), but could not completely rule out QD- 
tagged cohesin oligomers (see below). Analy- 
sis of the initial binding distribution of the 
cohesin-NIPBL® complexes on the DNA sub- 
strate showed preferential loading on AT-rich 
regions (fig. S3, A and B), which was also ob- 
served for cohesin alone and for condensin 
(21, 24). We also measured the one-dimensional 
diffusion activity of the cohesin-NIPBL© com- 
plex on double-tethered DNA curtains (fig. S3, 
C and D). The complex was stably bound on 
DNA for >5 min and diffused slowly in an 
ATP-independent manner, with an average 
diffusion coefficient of 0.02 + 0.003 um? s+ 
(mean + SEM; fig. $3, E and F), which is 
eightfold lower than that reported for human 
cohesin topologically bound to DNA (25). Thus, 
the cohesin-NIPBL° complex displays very lim- 
ited diffusion activity on DNA. 

After the initial binding of cohesin-NIPBL® 
complexes to single-tethered DNA, we observed 
time-dependent, gradual DNA compaction (Fig. 
1F and movie S2). We then measured the extent 
and rate of cohesin-mediated DNA compaction 
at different applied forces (i.e., flow rates; Fig. 1, 
F to H) (35). At an initial applied force of 
0.3 pN, the DNA was almost completely com- 
pacted, with an average rate of 0.5 kb s ’. When 
the initial applied force increased to 0.6 pN, we 
detected incomplete DNA condensation with a 
correspondingly slower compaction rate. There 
was minimal DNA compaction by cohesin- 
NIPBLS at 0.8 pN of applied force. Although 
the applied force changes for DNA molecules 
as they begin compacting, the force-sensitive 
cohesin translocation is qualitatively similar 
to condensin-mediated DNA looping (22). 
Reducing the salt concentration from 50 to 
25 mM increased the extent and rate of DNA 
compaction by cohesin at high flow rates 
(fig. S4), suggesting that stronger cohesin- 
DNA or cohesin-cohesin interactions (as can 
occur in a crowded nuclear milieu) can raise 
the force threshold of compaction. 

Cohesin alone (without NIPBL‘) with its 
RAD21 subunit labeled with QDs did not bind 
or compact DNA even in the presence of ATP 
(fig. S5A), indicating a requirement for NIPBL 
in loading cohesin onto DNA. The slowly hydro- 
lyzable ATP analog adenylyl-imidodiphosphate 
(AMP-PNP) could not support efficient DNA 
compaction (fig. S5, A and B). The ATPase- 
deficient cohesin EQ mutant, which was ex- 
pected to retain nucleotide-binding activity, 
was also deficient in DNA compaction even 
in the presence of NIPBL° and ATP. Thus, 
cohesin-NIPBL°-dependent DNA compaction 
requires ATP hydrolysis. 

We never detected stepwise DNA condensa- 
tion events, suggesting that DNA compaction 
by cohesin-NIPBL® is not mediated through 
search and capture of distant DNA segments. 
Instead, we observed frequent cohesin-NIPBL® 
slippage events at 0.3 pN of applied force 
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Fig. 1. Human cohesin-NIPBL° compacts linear A 
DNA. (A) Schematic representation of human 
cohesin-NIPBL. CC, coiled coil. (B) Coomassie staining 

of purified recombinant human cohesin and cohesin- 
NIPBL®. WT, wild type. (C) ATPase activities (mean + smc3 0 NIPBL® 
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(fig. S6). These observations suggested that 
cohesin can slide backward on DNA. The rate 
of the backtracking was similar to that of 
compaction (fig. S6C). The gradual, processive, 
ATP-dependent DNA compaction by cohesin- 
NIPBLS with occasional slippage indicated that 
cohesin is a bona fide molecular motor. 

After DNA was fully compacted by cohesin- 
NIPBL¢ at 0.3 pN, increasing the applied force 
to 0.8 pN did not fully extend the DNA, and 
the bound cohesin only backtracked slightly 
(fig. S6A). This suggested that the completion 
of DNA compaction might lead to the forma- 
tion of more stable cohesin-DNA assemblies, 
providing a plausible explanation for the ob- 
servation that ATP is not required to maintain 
cohesin-dependent TADs after their formation 
in cells (8). 

Cohesin can bind DNA by entrapment of 
DNA inside the lumen of its ring (topological 
binding) or by physical interaction with DNA 
that does not involve the opening of its ring 
(nontopological binding). Topological DNA 
binding is salt resistant (29). Injection of high- 
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salt buffer dislodged the bound cohesin and 
fully reversed DNA compaction (fig. S6A and 
movie $3). Thus, cohesin-NIPBL‘ that is capa- 
ble of loop extrusion might not be topologically 
bound to DNA. Analysis of the fluorescent 
intensities from DNA and QD-protein com- 
plexes indicated that cohesin-mediated DNA 
compaction preferably occurred at the unte- 
thered DNA ends (figs. S6A and $7). The under- 
lying reason for this preference is unclear but 
could be due to the ease of formation of seed 
DNA loops near the ends or flow-induced higher 
occupancy of cohesin at DNA ends. Regardless, 
our data indicated that cohesin-NIPBLS is a 
processive DNA motor that compacts DNA. 
DNA is packaged into chromatin in the nu- 
cleus. We next tested whether cohesin-NIPBL® 
could compact nucleosome-bound DNA (Fig. 2A). 
We incorporated one to six QD-labeled human 
nucleosomes on each DNA substrate using salt 
dialysis (Fig. 2, B and C) and visualized the 
nucleosome-bound DNA substrate upon injec- 
tion of unlabeled cohesin-NIPBL*® at multiple 
applied forces (Fig. 2D). The extent of nucleosome- 
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DNA ends (dashed circle) are tethered to the 
surface and the extruding loop is extended at 

0.1 ml/min buffer flow. Upon cohesin-NIPBL° 
injection, a small loop appeared at the tip of the 

DNA and elongated until the base of the loop 
(arrow) reached one tethering point. A brief shutoff 
of flow retracted DNA completely, indicating that 

DNA was not stuck to the surface. Injection of a 
high-salt buffer (500 mM NaCl) disrupted the loop. 
The scaled color map (middle panel) shows that the 
DNA intensity matches the growing loop. The 
schematic drawing (bottom panel) depicts a model 
of loop extrusion. (B) Time-course montage of 
loop extrusion showing the localization of labeled 
cohesin-NIPBL° (indicated by white arrowheads) at 
the base of the DNA loop. Turning the flow on 

and off showed that the cohesin-NIPBL° complex 
moved with the DNA, confirming that it was indeed 
bound to the DNA loop. (C) Representative 
kymograph showing the movement of a labeled 
cohesin-NIPBL° complex toward the DNA-tethering 
points. (D and E) Quantification of the loop size (D) 
and the rate of loop extrusion (E) by Alexa647- 
labeled cohesin-NIPBL°. 


DNA compaction was ~80% (Fig. 2E) and the 
average rate of the compaction was 0.5 kb s + 
(Fig. 2F). Compaction of nucleosome-bound 
DNA was also force sensitive and depen- 
dent on ATP hydrolysis (Fig. 2, D to F). Thus, 
cohesin-NIPBL® compacts nucleosome-bound 
DNA with properties similar to those of naked 
DNA. Nucleosomes impede the movement 
of topologically loaded cohesin (23, 24). Our 
finding that cohesin-NIPBL© compacts naked 
and nucleosome-bound DNA with similar rates 
again suggested that the loop-extruding cohesin 
might not be topologically loaded. Further- 
more, high-salt washout of cohesin revealed 
that nucleosomes themselves were not reposi- 
tioned during cohesin-dependent compaction 
(Fig. 2D). These data suggested that cohesin 
can act on chromatin without having to dis- 
place or slide nucleosomes. 

To directly visualize loop extrusion by cohesin, 
we prepared U-shaped DNA by tethering both 
DNA ends to the surface and monitored the 
looping events in real time (movie $4). A small 
loop formed immediately after cohesin-NIPBL® 
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Fig. 4. Cohesin-NIPBL° dimers promote loop 
extrusion. (A) Top panel: Representative image of 
Alexa647-labeled cohesin-NIPBL° complexes bound 
to both the base and the tip of a DNA loop. Bottom 
panel: Number of Alexa647-cohesin foci on each 
DNA loop (n = 51 DNA molecules). Scale bar, 2 um. 
(B) Representative two-step photobleaching trace 
of cohesin at the loop base plotted with the 
corresponding DNA loop image and its kymograph 
shown above the trace. Dashed red lines are the 
photobleaching steps; gray shading is intermittent 
blinking indicating single fluors. a.u., arbitrary units. 
(C) Intensity distribution of single photobleaching 
steps of Alexa647-cohesin at the DNA loop fit to 

a Gaussian distribution (red line). (D) Distribution of 
the number of cohesin-NIPBL° molecules at the 
DNA loop base (left panel) and at the loop tip (right 
panel). (E) Model for bidirectional loop extrusion 
by a cohesin-NIPBL° dimer. 


injection and gradually elongated until the 
motor stalled or one side of the loop reached 
either DNA-tethering point (Fig. 3A, fig. S8A, 
and movies S5 to S7). Both arms of the U-shaped 
DNA were shortened during the process. These 
results are consistent with cohesin-NIPBL° 
extruding DNA loops bidirectionally, as uni- 
directional asymmetric loop extrusion is expected 
to shorten only one arm of the U-shaped DNA. 
The loop was stably maintained for a few min- 
utes, and injection of a high-salt buffer quickly 
restored the DNA to its original U shape (movie 
S8). As expected, we did not detect any loop- 
ing activity in the absence of ATP or with the 
cohesin EQ mutant. 

To visualize cohesin-NIPBL¢ at the base of 
the loop, we directly labeled cohesin-NIPBL© 
containing SNAP,;-tagged STAGI with Alexa 
Fluor 647 dye (Alexa647). Alexa647-labeled 
cohesin completely compacted DNA with a 
similar rate as the unlabeled complex (fig. S8B). 
Cohesin-NIPBL° bound at the base of the ex- 
truding loop (Fig. 3B, fig. S8C, and movie S9). 
Consistent with symmetric, bidirectional loop 
extrusion, cohesin-NIPBL° moved toward DNA- 
tethering points during the process (Fig. 3C). 
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The average size of extruded loops was 33 kb 
and the mean rate of loop extrusion was 0.5 kb st 
(Fig. 3, D and E). 

A single condensin complex can extrude 
DNA loops asymmetrically and in one direc- 
tion (22). A single cohesin complex might be 
able to perform symmetric loop extrusion. Alter- 
natively, two cohesin complexes might act in 
concert to extrude loops in both directions. To 
determine how many cohesin molecules per- 
form loop extrusion, we analyzed photobleach- 
ing steps of Alexa647-labeled cohesin-NIPBL® 
on DNA loops. On ~50% of DNA loops, we 
observed two fluorescent foci, with one each at 
the loop base and tip (Fig. 4A). The number of 
photobleaching steps of both Alexa647-cohesin 
foci peaked at two (Fig. 4, B to D). Cohesin foci 
on DNA that did not form loops had no discrete 
peaks for the number of photobleaching steps. 
Thus, the loop-extruding complexes most 
frequently contained two cohesin molecules. 
These data suggested that a cohesin-NIPBL® 
dimer might be the minimal functional unit for 
loop extrusion. 

Collectively, our results support a model in 
which a cohesin-NIPBL‘ dimer extrudes DNA 
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loops symmetrically in both directions (Fig. 
4E). Bidirectional loop extrusion by a cohesin 
dimer also explains the observed and simu- 
lated Hi-C maps of chromosome loops (5, 19). 
We observed loop extrusion by recombinant 
human cohesin-NIPBL® at relatively low ap- 
plied forces and low salt concentrations. We 
anticipate that cellular crowding, MAU2, the 
N-terminal region of NIPBL, and other cohesin 
interactors further stabilize cohesin on DNA 
and enhance its intrinsic loop extrusion activ- 
ity in cells. 

High-salt buffer dislodged loop-extruding 
cohesin from DNA. Cohesin-NIPBL° bound to 
DNA at low salt exhibited diffusion kinetics 
much slower than those of topologically loaded 
cohesin. Finally, nucleosomes do not hinder 
cohesin-mediated DNA compaction. These 
findings suggest that cohesin mediates loop 
extrusion through nontopological or pseudo- 
topological interactions with DNA. 
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HIGH-PRESSURE PHYSICS 


Imaging stress and magnetism at high pressures 
using a nanoscale quantum sensor 


S. Hsieh'2*, P. Bhattacharyya’*, C. Zu’, T. Mittiga’, T. J. Smart?, F. Machado’, B. Kobrin‘, 
T. 0. Hohn", N. Z. Rui, M. Kamrani®, S. Chatterjee’, S. Choi’, M. Zaletel’, V. V. Struzhkin®, 
J. E. Moore?”, V. I. Levitas®”*, R. Jeanloz®, N. Y. Yao"2+ 


Pressure alters the physical, chemical, and electronic properties of matter. The diamond anvil cell 
enables tabletop experiments to investigate a diverse landscape of high-pressure phenomena. Here, we 
introduce and use a nanoscale sensing platform that integrates nitrogen-vacancy (NV) color centers 
directly into the culet of diamond anvils. We demonstrate the versatility of this platform by performing 
diffraction-limited imaging of both stress fields and magnetism as a function of pressure and 
temperature. We quantify all normal and shear stress components and demonstrate vector magnetic 
field imaging, enabling measurement of the pressure-driven o < « phase transition in iron and the 
complex pressure-temperature phase diagram of gadolinium. A complementary NV-sensing modality 
using noise spectroscopy enables the characterization of phase transitions even in the absence of static 


magnetic signatures. 


n hybrid quantum-sensing devices, sensors 

are directly integrated into existing tool- 

sets ranging from biological imaging to 

materials spectroscopy (/-4). Here, we 

demonstrate the versatility of a platform 
based on quantum spin defects combined with 
static high-pressure technologies (5, 6). In par- 
ticular, we instrument diamond anvil cells 
(DACs) with a layer of nitrogen-vacancy (NV) 
centers directly at the culet, enabling the pur- 
suit of two complementary objectives in high- 
pressure science: understanding the strength 
and failure of materials under pressure (e.g., 
the brittle-ductile transition) and discovering 
and characterizing exotic phases of matter 
(e.g., pressure-stabilized high-temperature 
superconductors) (7-11). Achieving these goals 
hinges upon the sensitive in situ imaging of 
signals within the high-pressure chamber. 
For the first goal, measuring the local stress 
environment permits the direct observation 
of inhomogeneities in plastic flow and the 
formation of line defects. For the second goal, 
the ability to spatially resolve field distribu- 
tions can provide a direct image of complex 
order parameters and textured phenomena 
such as magnetic domains. However, the enor- 
mous stress gradients generated near the 
sample limit the utility of most conventional 
tabletop spectroscopy techniques; as a result, 
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one is often restricted to measuring bulk prop- 
erties averaged over the entire DAC geometry. 

Our approach to these challenges is to use 
an ensemble of NV centers [~1 part per million 
(ppm) density] implanted ~50 nm from the 
surface of the diamond anvil culet (Fig. 1, A 
and B). Each NV center represents an atomic- 
scale defect (i.e., a substitutional nitrogen 
impurity adjacent to a vacancy) inside the 
diamond lattice and exhibits an S = 1 elec- 
tronic spin ground state (72). In the absence 
of external fields, the |7, = +1) spin sublevels 
are degenerate and separated by Des = (2) x 
2.87 GHz from the |m, = 0) state. Crucially, 
both the nature and energy of these spin 
states are sensitive to local changes in stress, 
temperature, and magnetic and electric fields 
(Fig. 1C) (13-19). These spin states can be 
optically initialized and read out, as well as 
coherently manipulated through microwave 
fields. Their energy levels can be probed by 
performing optically detected magnetic reso- 
nance (ODMR) spectroscopy, which measures 
a change in the NV’s fluorescence intensity 
when an applied microwave field is on reso- 
nance between two NV spin sublevels (Fig. 1D), 
thus enabling a variety of external signals to be 
sensed over a wide range of environmental 
conditions (/, 20, 27). 

Here, we focus on the sensing of stress and 
magnetic fields, wherein the NV is governed by the 
Hamiltonian (18, 22), H = Ho + Hy + Hs, with 
Ho = DS? (zero-field splitting), Hz = ypB-S 
(Zeeman splitting), and Hs = [o1(Gzx + yy) + 
By Oxz)S2 + [G12(Oyy — Sux) + Bo (2022) (Ss =55)4 
[Olo(20ay) + By(2oyx)|(SpSy + SyS,) capturing 
the NV’s response to the local diamond stress 
tensor, 6 (Fig. 1C). In the above, yp = (2m) x 
2.8 MHz/G is the gyromagnetic ratio, {01 2, 
B, .} are the stress susceptibility coefficients 
(17-19, 23), 2 is the NV orientation axis, and # is 
defined such that the zz plane contains one of 
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the carbon-vacancy bonds (Fig. 1E). In general, 
the resulting ODMR spectra exhibit eight reso- 
nances arising from the four possible crystal- 
lographic orientations of the NV (Fig. 1D). By 
extracting the energy shifting and splitting of 
the spin sublevels for each NV orientation group, 
one obtains an overconstrained set of equations 
enabling the reconstruction of either the (six 
component) local stress tensor or the (three 
component) vector magnetic field (23). 

In our experiments, we use a miniature DAC 
(Fig. 1, A and B) consisting of two opposing 
anvils compressing either a beryllium copper 
or rhenium gasket (24). The sample chamber 
defined by the gasket and diamond-anvil culets 
is filled with a pressure-transmitting medium 
(either a 16:3:1 methanol/ethanol/water solution 
or cesium iodide) to provide a quasi-hydrostatic 
environment. Microwave excitation is applied 
with a 4-1.m-thick platinum foil compressed be- 
tween the gasket and anvil pavilion facets (fig. 
S1); scanning confocal microscopy (with a trans- 
verse diffraction-limited spot size of ~600 nm, 
containing ~10? NVs) allows us to obtain two- 
dimensional ODMR maps across the culet. 

We begin by probing the stress tensor across 
the culet surface (up to P = 48 GPa as shown 
in fig. S7) using two different cuts of diamond 
[i.e., (111)-cut and (110)-cut culet]. For a generic 
stress environment, the intrinsic degeneracy 
associated with the four NV orientations is not 
sufficiently lifted, implying that individual reso- 
nances cannot be resolved. To resolve these 
resonances while preserving the stress contrib- 
ution, we sequentially tune a precisely controlled 
external magnetic field to be perpendicular to 
each of the different NV orientations (23). For 
each perpendicular field choice, three of the 
four NV orientations exhibit a strong Zeeman 
splitting proportional to the projection of the 
external magnetic field along their symmetry 
axes. Notably, this enables one to resolve the 
stress information encoded in the remaining 
NV orientation, whereas the other three groups 
of NVs are spectroscopically split away. Using 
this method, we obtain sufficient information 
to extract the full stress tensor, as depicted in 
Fig. 2. A number of intriguing features are 
observed at the interface between the culet 
and the sample chamber, which provide in- 
sight into both elastic (reversible) and plastic 
(irreversible) deformations. 

At low pressures (P = 4.9 GPa), the normal 
stress along the loading axis, oz, is spatially 
uniform (Fig. 2A), whereas all shear stresses, 
{oxy, Oxz, Oyz}, are minimal (Fig. 2B). The 
axes {X YZ } correspond to the lab frame, 
whereas {#, 7, 2} correspond to the NV frame 
(Fig. 1, A and E). These observations are in 
agreement with conventional stress continuity 
predictions for the interface between a solid and 
an ideal fluid (25). Moreover, ozz is consistent 
with the independently measured pressure in- 
side the sample chamber (by ruby fluorescence), 
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demonstrating the NV’s potential as a built-in 
pressure scale (26). In contrast to the uniform- 
ity of ozz, the field profile for the mean lateral 
stress, 6, =} (oxy + ovr), exhibits a concentra- 
tion of forces toward the center of the culet 
(Fig. 2A). Using the measured ozz as a bound- 
ary condition, we perform finite-element sim- 
ulations to reproduce this spatial pattern (23). 

Upon increasing pressure (P = 13.6 GPa), 
a spatial gradient in ozz emerges (Fig. 2B, 
inset). This qualitatively distinct feature is con- 
sistent with the solidification of the pressure- 
transmitting medium into its glassy phase 
above P, = 10.5 GPa (27). Crucially, this dem- 
onstrates our ability to characterize the ef- 
fective viscosity of solids and liquids under 
pressure. To characterize the sensitivity of 
our system, we perform ODMR spectroscopy 
with a static applied magnetic field and pres- 
sure under varying integration times and 
extract the frequency uncertainty from a 
Gaussian fit. We observe a stress sensitivity 
of {0.023, 0.030, 0.027} GPa//Hz for hydro- 
static, average normal, and average shear 


stresses, respectively. This is consistent with 
the theoretically derived stress sensitivity, ng ~ 
am = {0.017, 0.022, 0.020} GPa/V/Hz, where 
N is the number of NV centers, Av is the line- 
width, € is the relevant stress susceptibility, ¢ is 
the integration time, and Cis an overall factor 
accounting for measurement infidelity (23). 
In combination with diffraction-limited imag- 
ing resolution, this sensitivity makes it possi- 
ble to measure and ultimately control the full 
stress tensor distribution across a sample. 
Having characterized the stress environment, 
we use the NV centers as an in situ magneto- 
meter to detect phase transitions inside the high- 
pressure chamber. Analogous to the case of 
stress, we observe a magnetic sensitivity of 
12 wT/\/Hz, in agreement with the theoretically 
estimated value, ng ~ a ag = 8-8 HT/ VHz. 


Assuming a point dipole located a distance 
d~5um from the NV layer, this corresponds 
to an experimentally measured magnetic mo- 
ment sensitivity: 7.5 x 10°? emu/,/Hz (Fig. 1F). 


After determining the sensitivity, we begin 
by directly measuring the magnetization of 
iron as it undergoes the pressure-driven o <> € 
phase transition from body-centered cubic 
(bec) to hexagonal close-packed (hep) crystal 
structures (28); crucially, this structural phase 
transition is accompanied by the depletion of 
the magnetic moment, and it is this change 
in the iron’s magnetic behavior that we image. 
The sample chamber is loaded with a ~10-um 
polycrystalline iron pellet as well as a ruby 
microsphere (pressure scale), and we apply 
an external magnetic field Be,,~180 G. As be- 
fore, by performing a confocal scan across the 
culet, we acquire a two-dimensional magnetic 
resonance map (Fig. 3). At low pressures (Fig. 3A), 
near the iron pellet, we observe substantial 
shifts in the eight NV resonances, owing to 
the presence of a ferromagnetic field from 
the iron pellet. As one increases pressure 
(Fig. 3B), these shifts begin to diminish, sig- 
naling a reduction in the magnetic suscepti- 
bility. Finally, at the highest pressures (P ~ 
22 GPa, Fig. 3C), the magnetic field from the 
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Fig. 1. NV centers integrated into a diamond anvil cell. (A) Schematic of the 
DAC geometry. Two opposing anvils are compressed by a nonmagnetic steel 


cell and cubic boron nitride backing plates (gray). NV 


read out using a 532-nm laser focused to a diffraction-limited spot (~600 nm), 
which is scanned across the culet surface. (B) The DAC sample chamber is 


defined by the gasket-anvil assembly (diagram not to 


the sample of interest, a pressure-transmitting medium, and a single ruby 
microsphere (pressure calibration). A ~50-nm layer of NV centers is embedded 
into the diamond anvil directly below the sample chamber. (C) Top: Stress 
both shifts and splits the m,; = +1 sublevels at first order; in particular, the 
shifting is characterized by TI, = o4 (oxy + oyy) + Boz, and the splitting 


is characterized by TI? = [a2(oy — ox) + Bo(20xz)|* 
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Bottom: An axial magnetic field splits the m; = +1 sublevels at first order, 

but a transverse magnetic field leads to shifts only at second order. (D) A 
epresentative ODMR spectrum from an NV center ensemble under an applied 
magnetic field. (E) Each pair of resonances in (D) corresponds to one of the 


centers are initialized and 


scale); it is loaded with 


+ [e2(26y) + Bo(2oyz)]*. 
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Spatial resolution (m) 


four NV crystallographic orientations. (F) Comparison of high-pressure 
magnetometry techniques. We define the spatial resolution as a characteristic 
sensor length scale over which the sample magnetism is integrated. Estimates 
for our current work are shown assuming a sample suspended in a pressure 
medium 5 um away from the culet (black open circle). We project that by 
exfoliating a sample directly onto the culet surface and using 5-nm implanted 
NV centers, the distance from the sample can be substantially reduced, thus 
improving both dipole precision and spatial resolution (open red circles). Inductive 
methods [pickup coils (green diamonds) and 
ence devices (SQUIDs) (blue squares)] integrate the magnetization of a sample 
over the coil’s area (23); to this end, the diameter associated with the coil is taken 
as the “spatial resolution” although in principle, the sample inside the chamber can 
be substantially smaller. By contrast, high-energy photon scattering techniques 
[x-ray magnetic circular dichroism (orange hexagons), and Méssbauer spectros- 
copy (pink triangles)] probe atomic-scale magnetism (23); the length scale for 
these methods is shown here as the spot size of the excitation beam. 


superconducting quantum interfer- 
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pellet has decreased by more than two orders 
of magnitude. 

To quantify this phase transition, we recon- 
struct the full vector magnetic field produced 
by the iron sample from the aforementioned 
two-dimensional NV magnetic resonance maps 
(Fig. 3, D to F). We then compare this informa- 
tion with the expected field distribution at the 
NV layer inside the culet, assuming the iron 
pellet generates a dipole field (23). This en- 
ables us to extract an effective dipole moment 
as a function of applied pressure (Fig. 3G). To 
identify the critical pressure, we fit the transi- 
tion using a logistic function (23). This proce- 
dure yields the transition at P = 16.7 + 0.7 GPa 
(Fig. 3J). 

In addition to changes in the magnetic 
behavior, another key signature of this first- 
order transition is the presence of hysteresis. 
We investigate this by slowly decompressing 
the diamond anvil cell and monitoring the 
dipole moment; the decompression transition 
occurs at P = 10.5 + 0.7 GPa (Fig. 3J), suggest- 
ing a hysteresis width of ~6 GPa, consistent 
with a combination of intrinsic hysteresis and 
finite shear stresses in the methanol/ethanol/ 
water pressure-transmitting medium (28). 
Taking the average of the forward and back- 
ward hysteresis pressures, we find a critical 
pressure of P, = 13.6+3.6 GPa, in excellent 
agreement with independent measurements 
by Mossbauer spectroscopy, where P, ~ 12 GPa 
(Fig. 3J) (28). 

Next, we demonstrate the integration of our 
platform into a cryogenic system, enabling us 
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Fig. 2. Full tensorial reconstruction of the stresses in a (111)-cut diamond 
anvil. (A) Spatially resolved maps of the loading stress (left) and mean lateral 
stress (right), o, = 5 (xx + oyy), across the culet surface. In the inner region, where 
the culet surface contacts the pressure-transmitting medium (16:3:1 methanol/ 
ethanol/water), the loading stress is spatially uniform, whereas the lateral stress is 
concentrated toward the center; this qualitative difference is highlighted by a linecut 
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to make spatially resolved in situ measure- 
ments across the pressure-temperature (P-T) 
phase diagram of materials. Specifically, we 
investigate the magnetic P-T phase diagram 
of the rare-earth element gadolinium (Gd) 
up to pressures P ~ 8GPa and between tem- 
peratures T = 25 to 340 K. Owing to an in- 
terplay between localized 4f electrons and 
mobile conduction electrons, Gd represents 
an interesting playground for studying me- 
tallic magnetism; in particular, the itinerant 
electrons mediate RKKY-type interactions 
between the local moments, which in turn 
induce spin-polarization of the itinerant 
electrons (29). Moreover, much like its rare- 
earth cousins, Gd exhibits a series of pressure- 
driven structural phase transitions from 
hep to samarium-type (Sm-type) to dou- 
ble hep (dhcp) (Fig. 4) (30). The interplay 
between these different structural phases, 
various types of magnetic ordering, and 
metastable transition dynamics leads to a 
complex magnetic P-T phase diagram that 
remains the object of study to this day (29-31). 

In analogy to our measurements of iron, 
we monitor the magnetic ordering of a Gd 
flake by using the NV’s ODMR spectra at 
two different locations inside the culet: 
close to and far away from the sample (the 
latter to be used as a control) (fig. S15). Be- 
cause of thermal contraction of the DAC 
(which induces a change in pressure), each 
experimental run traces a distinct non- 
isobaric path through the P-T phase diagram 
(Fig. 4C, blue curves). In addition to these 
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DC magnetometry measurements, we also 
operate the NV sensors in a complementary 
mode, i.e., aS a noise spectrometer. 

We begin by characterizing Gd’s well- 
known ferromagnetic Curie transition at 
ambient pressure, which induces a sharp 
jump in the splitting of the NV resonances 
at Tc = 292.2+0.1K (Fig. 4D). As depicted 
in Fig. 4A, upon increasing pressure, this 
transition shifts to lower temperatures, and 
consonant with its second-order nature (32), 
we observe no hysteresis (Fig. 4A, inset); this 
motivates us to fit the data and extract Tc 
by solving a regularized Landau free-energy 
equation (23). Combining all of the low- 
pressure data (Fig. 4C, red squares), we 
find a linear decrease in the Curie temper- 
ature at a rate d7¢/dP = —18.7+0.2 K/GPa, 
consistent with prior studies using both DC 
conductivity and AC-magnetic susceptibil- 
ity (30). Unexpectedly, this linear decrease 
extends well into the Sm-type phase. Upon 
increasing pressure above ~6 GPa (path [b] 
in Fig. 4C), we observe the loss of ferro- 
magnetic (FM) signal (Fig. 4B), indicating 
a first-order structural transition into the 
paramagnetic (PM) dhcp phase (30). In stark 
contrast to the previous Curie transition, 
there is no revival of a ferromagnetic signal 
even after heating up (~315 K) and substan- 
tially reducing the pressure (to < 0.1 GPa). 

A few remarks are in order. The linear 
decrease of Tc well beyond the ~2-GPa struc- 
tural transition between hcp- and Sm-type is 
consistent with the “sluggish” equilibration 
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(taken along the white-dashed line) of the two stresses (below), and reconstructed by 
finite-element analysis (orange and purple dashed lines). The black pixels indicate 
where the NV spectrum was obfuscated by the ruby microsphere. (B) Comparison 
of all stress tensor components in the fluid-contact region at P = 4.9 GPa and 

P = 13.6 GPa. At P = 13.6 GPa, the pressure-transmitting medium has entered its 
glassy phase, and we observe a spatial gradient in the loading stress ozz (inset). 


3 of 6 


RESEARCH | REPORT 


Fig. 3. Imaging iron’s o <> « phase 
transition. Applying an external magnetic 
field (Bext ~ 180 G) induces a dipole 
moment in the polycrystalline iron pellet 
that generates a spatially varying magnetic 
field across the culet of the diamond 

anvil. By mapping the ODMR spectra across 
the culet surface, we reconstruct the local 
magnetic field that characterizes the iron 
pellet’s magnetization. (A to ©) Comparison 
between the measured ODMR spectra 
(dark regions correspond to resonances) 
and the theoretical resonance positions 
(different colors correspond to different NV 
crystallographic orientations) across 
vertical spatial cuts (i.e., Y position indicates 
location along the black-dashed line 

shown in the two-dimensional scans below) 
at pressures of 9.6, 17.2, and 20.2 GPa, 
respectively (16:3:1 methanol/ethanol/water 
solution). (D to F) Map of the measured 
energy difference of a particular NV 
crystallographic orientation [blue lines 

in (A) to (C)]. Black pixels correspond to 
ODMR spectra where the splitting could 

not be accurately extracted owing to 

large magnetic field gradients (fig. S12). 

(G to I) Theoretical reconstruction of the 
energy differences shown in (D) to (F) (23). 
Data depicted in (A) to (C) are taken along 
the thin black dashed lines. (J) Measured 
dipole moment of the iron pellet as a 
function of applied pressure at room 
temperature, for both compression (red) 
and decompression (blue). Based on the 
hysteresis observed (~6 GPa), we find 

the critical pressure P, = 13.6 + 3.6 GPa, 

in excellent agreement with previous 
studies (28). 


between these two phases at low temperatures 
(30). The metastable dynamics of this transi- 
tion are strongly pressure and temperature 
dependent, suggesting that different starting 
points (in the P-T phase diagram) can exhibit 
markedly different behaviors (30). To high- 
light this, we probe two different transitions 
out of the paramagnetic Sm-type phase by 
tailoring specific paths in the P-T phase diag- 
ram. By taking a shallow path in P-T space, 
we observe a small change in the local mag- 
netic field across the structural transition into 
the PM dhcp phase at ~6 GPa (Fig. 4C, path 
[c], orange diamonds). By taking a steeper 
path in P-T space, one can also investigate 
the magnetic transition into the antiferromag- 
netic (AFM) Sm-type phase at ~150 K (Fig. 4C, 
path [d], green triangle). In general, these two 
transitions are extremely challenging to probe 


Hsieh et al., Science 366, 1349-1354 (2019) 


A 
— 
= 
fo 
S 
5 
(2) 
A. 
NN 
Ob 
25 3.0 ne 3.5 
requenc Z 
D q y (GHz) E 
900 
WW 
aa 
= 
[@)) 
£ 800 
z 
oa) 
> 
(Ss) 
& 700 
=: 
lex 
o 
LL 


600 


+ Compression 


Dipole Strength (emu) 


-p Decompression 


17.2 GPa 20.2 GPa 
ATE 
! 
i} 
1 
I 
3.0 3.5 3.0 3.5 
Frequency (GHz) Frequency (GHz) 


Pressure (GPa) 


via DC magnetometry because their signals 
arise only from small differences in the suscep- 
tibilities between the various phases (fig. S18). 
To this end, we demonstrate a comple- 
mentary NV sensing modality based on noise 
spectroscopy, which can probe phase transi- 
tions even in the absence of a direct magnetic 
signal (33). Specifically, returning to Gd’s fer- 
romagnetic Curie transition, we monitor the 
NV’s depolarization time, 7;, as the phase 
transition is crossed (Fig. 4D). Normally, the 
NV’s T; time is limited by spin-phonon inter- 
actions and increases sharply as the tempera- 
ture is decreased. Here, we observe a markedly 
disparate behavior. In particular, using nano- 
diamonds drop-cast on a Gd foil at ambient 
pressure, we find that the NV 7; is nearly tem- 
perature independent in the paramagnetic 
phase, before exhibiting a kink and subse- 
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quent decrease upon entering the ferromag- 
netic phase (Fig. 4D). We note two intriguing 
observations: first, one possible microscopic 
explanation for this behavior is that 7, is 
dominated by Johnson-Nyquist noise from 
the thermal fluctuations of charge carriers 
inside Gd (34, 35). Gapless critical spin fluc- 
tuations or magnons in the ordered phase, 
although expected, are less likely to cause this 
signal (23). Second, we observe that the Curie 
temperature, as identified by 7;-noise spec- 
troscopy, is ~10 K higher than that observed 
via DC magnetometry (Fig. 4D). Similar be- 
havior has previously been reported for the 
surface of Gd (29, 36), suggesting that our 
noise spectroscopy could be more sensitive to 
surface physics. 

Further stress characterization of other 
fluids and solids may provide insights into 
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Fig. 4. Magnetic P-T phase diagram of 
gadolinium. A ~ 30 wm by 30 um by 25 um 
polycrystalline Gd foil is loaded into a beryllium 
copper gasket with a cesium iodide pressure 
medium. An external magnetic field, Bex ~ 120 G, 
induces a dipole field, Bgg, detected by the 
splitting of the NVs [right inset, (B)]. (A) The FM 
Curie temperature Tc decreases with increasing 
pressure up to ~4 GPa. NV splittings for three P-T 
paths, labeled by their initial pressure Po, are 
shown. The P-T path for run [a] (Pp = 0.5 GPa) is 
shown in (C). The cool-down (blue) and heat-up 
(red) of a single P-T cycle shows negligible 
hysteresis (inset). (B) If aP-T path starting in hcp is 
taken into the dhcp phase (at pressures 26 GPa) 
(30), the FM signal is lost and not reversible, as 
shown in (C) (path [b]). Upon cool-down (dark 
blue), we observe the aforementioned Curie 
transition, followed by the loss of FM signal at 6.3 GPa, 
130 K. But upon heat-up (red) and second cool- 
down (light blue), the FM signal is not recovered. 
When the pressure does not go beyond ~6 GPa, the 
FM signal is recoverable (left inset) (23). 

(C) Magnetic P-T phase diagram of Gd. At low 
pressures, we observe the linear decrease of Tc 
(black line) with slope —18.7+0.2 K/GPa, in 
agreement with previous measurements (30). This 
linear regime extends into the Sm-type phase 
(black dashed line) owing to the slow dynamics of 
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the hcp — Sm-type transition (30). When starting in the Sm-type phase, we no longer observe a FM signal, but rather a small change in the magnetic field at 
either the transition from Sm-type to dhcp (orange diamonds) or from PM to AFM (green triangle), depending on the P-T path. The bottom two phase 
boundaries (black lines) are taken from (31). (D) At ambient pressure, we observe a Curie temperature, Tp = 292.2+0.1 K, by using DC magnetometry 
(blue data). Using nanodiamonds drop-cast onto a Gd foil (and no applied external magnetic field), we find that the depolarization time (7) of the NVs is 
qualitatively different in the two phases (red data). T; is measured using the pulse sequence shown in the top right inset. The 7; measurement on another 


nanodiamond exhibits nearly identical behavior (bot 


mechanical phenomena such as viscous flow, 
plastic deformation, and pressure-dependent 
yield strength. Such information is challeng- 
ing to obtain by either numerical finite- 
element simulations or more conventional 
experimental methods and may ultimately 
allow control of the deviatoric- as well as 
normal-stress conditions in high-pressure 
experiments (37). 

The high sensitivity and close proximity of 
our sensor enables the measurement of signals 
in settings that are beyond the capabilities of 
existing techniques (Fig. IF). Such settings in- 
clude, for example, nuclear magnetic resonance 
(NMR) at picoliter volumes (38) and single- 
grain remnant magnetism (39), as well as phe- 
nomena that exhibit spatial textures such as 
magnetic skyrmions (4) and superconducting 
vortices (40). 

Although our work uses NV centers, the 
techniques developed here can be readily 
extended to other atomic defects. For instance, 
recent developments on all-optical control of 
silicon-vacancy centers in diamond may allow 
for microwave-free stress imaging with im- 
proved sensitivities (41). In addition, one can 
consider defects in other anvil substrates be- 


tom inset). 


yond diamond; indeed, recent studies have 
shown that moissanite (6H silicon carbide) 
hosts optically active defects that show promise 
as local sensors (41). In contrast to millimeter- 
scale diamond anvils, moissanite anvils can be 
manufactured at centimeter or larger scales, 
and therefore support larger sample volumes 
that ameliorate the technical requirements of 
many experiments. Finally, the suite of sensing 
capabilities previously demonstrated for NV 
centers (i.e., electric, thermal, gryroscopic pre- 
cession, etc.) can now straightforwardly be 
extended to high-pressure environments, open- 
ing up a large range of experiments for quan- 
titatively characterizing materials at such 
extreme conditions. 
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HIGH-PRESSURE PHYSICS 


Measuring magnetic field texture in correlated 
electron systems under extreme conditions 


King Yau Yip", Kin On Ho", King Yiu Yu"*, Yang Chen!, Wei Zhang?, S. Kasahara’, Y. Mizukami°, 
T. Shibauchi*, Y. Matsuda”, Swee K. Goh}, Sen Yang?*+ 


Pressure is a clean, continuous, and systematic tuning parameter among the competing ground states in 
strongly correlated electron systems such as superconductivity and magnetism. However, owing to the 
restricted access to samples enclosed in high-pressure devices, compatible magnetic field sensors with 
sufficient sensitivity are rare. We used nitrogen vacancy centers in diamond as a spatially resolved vector 
field sensor for material research under pressure at cryogenic temperatures. Using a single crystal of 
BaFe2(Aso.59Po,41)2 aS a benchmark, we extracted the superconducting transition temperature, the local 
magnetic field profile in the Meissner state, and the critical fields. The method developed in this work 
offers a distinct tool for probing and understanding a range of quantum many-body systems. 


trongly correlated electronic systems sup- 
port a wide variety of phases that are 
sensitive to external perturbations. For 
example, the superconducting transition 
temperature 7, is sensitive to both the 
interaction strength and the density of states 
at the Fermi level (1), which can in turn be 
tuned by changing external parameters. More- 
over, superconductivity is frequently found to 
compete with other phases, including magnet- 
ically, structurally, and electronically ordered 
states [for example, (2-5)]. Therefore, the abil- 
ity to subject the material system to suitable 
tuning parameters provides a major experi- 
mental tool for reaching new phases. 

One of the most successful tuning param- 
eters is hydrostatic pressure, which changes 
the electronic structure and the interaction 
strength without introducing additional chem- 
ical inhomogeneity to the sample. For many 
systems, pressure is the only way to reach 
certain quantum states. Pressure has played 
an influential role in stabilizing superconduc- 
tivity by suppressing the competing phases. 
For example, in the heavy fermion inter- 
metallic CePd.,Si,, pressure suppresses the 
antiferromagnetic state and induces a super- 
conducting phase with a 7, that peaks at 
~28 kbar (2). In the iron-based system BaFe,Asp, 
superconductivity can similarly be induced 
by means of pressure on the suppression of 
the spin-density wave state (6). More recently, 
a superconducting state with a remarkably 
high T, of 250 to 260 K has been reported 
in LaHjo_3 at ~200 GPa (7, 8). These results 
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not only reinforce the view that pressure is 
a powerful tuning parameter but also call 
for the need to study the microscopic details 
of superconductivity under extremely high 
pressure. 

To generate high pressure, the sample is 
enclosed in a pressure cell that is orders-of- 
magnitude larger than the sample itself. More- 
over, to ensure a stable pressure environment, 
electrical accessibility to the sample volume 
is severely restricted. Cryogenic conditions 
impose further restrictions. Under these de- 
manding experimental conditions, very few 
detection methods can be applied. Placing a 
robust dc magnetic field sensor in the imme- 
diate vicinity of the sample, in particular, is a 
major experimental challenge. 

A negatively charged nitrogen vacancy 
(NV) center is a point defect in diamond 
with a spin-1 ground state. Owing to its spin- 
dependent fluorescence rate, electron spin 
resonance (ESR) spectrum can be measured 
with the optically detected magnetic resonance 
(ODMR) method. From these spectra, we can 
derive the magnetic field with sensitivity of 
microtesla Hz !/? (9-13), as well as electric 
field, temperature, and mechanical strain 
[detailed descriptions are provided in (20)] 
(14-19). NV centers can sense both the mag- 
nitude and the direction of the field, under 
pressures of up to 60 GPa (16, 27). Further- 
more, owing to its small size, a NV center 
naturally provides high spatial resolution, 
making the microscopic study of quantum 
many-body features possible. With these mo- 
tivations in mind, we combined the field- 
sensing capability of NV centers and the 
optical accessibility of a moissanite anvil cell 
to probe the local magnetic field configu- 
ration around the sample at high pressures. 
In this work, we demonstrate and benchmark 
the potential of this approach by directly 
probing the diamagnetism associated with 
superconductivity in a type II superconductor, 
BaFe.(ASo.59Po.41)2, under pressure. 
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The sample we used is a piece of single 
crystalline BaFeo(As;_,P,)2 with # = 0.41, 
which comes from the ultraclean family 
BaFe,(Asy_~P)2 (22). At x = 0.33, T, is max- 
imized and displays clear evidence of a quan- 
tum critical point (23, 24). Hence, BaFe.(As,_,P,)2 
is an ideal platform with which to explore the 
interplay between superconductivity and quan- 
tum criticality. 

An exploded view of the interior of our 
pressure cell is shown in Fig. 1A, and the 
zoom-in view illustrates the relationship be- 
tween the sample and NV center reference 
frames. A photograph and fluorescence image 
in the immediate vicinity of the sample are 
shown in Fig. 1B. The close proximity of the 
microcoil to the sample ensures the efficient 
transmission of the microwave power to the 
sample space, where the NV centers are lo- 
cated. The bright spots in the fluorescence 
image are from NV centers in diamond par- 
ticles, which are spread on the sample surface 
and mixed with pressure-transmitting fluid. 
The typical size of diamond particles (1 um) 
was chosen to be smaller than the optical 
resolution for better sensitivity but larger 
than the vortex lattice constant ay (20). In 
this work, three diamond particles were chosen 
strategically: NVc is near the center of the 
sample, NV; is off to the side near the edge 
of the sample, and NV; is far away from the 
sample. 

Under a weak external magnetic field, for 
T > T,, the sample is in the normal state, 
and the magnetic field felt by the NV cen- 
ters is the same as the external magnetic 
field (Fig. 1C). However, upon cooling below 
T,, the expulsion of the magnetic field from 
the sample alters the field profile near the 
surface of the material, and this can be felt 
by the NV centers on the sample surface: For 
NV¢, the effective magnetic field is greatly 
reduced, whereas for NVx, the effective mag- 
netic field is greatly enhanced (Fig. 1D). When 
the superconductor is warmed across T,, the 
diamagnetic response associated with super- 
conductivity disappears at T,. Additionally, 
for a type II superconductor, when the applied 
field is higher than the lower critical field 
(Hq), the field begins to thread through the 
sample, resulting in a vortex state. The vortex 
state can be completely destroyed above the 
upper critical field (H,.), at which the super- 
conductor returns to the normal state. All these 
in-field behaviors can be profiled by the NV 
centers located right on the sample surface. 

The pulse sequence shown in Fig. 2A is 
used to collect our ODMR data. Because the 
data were collected upon warming up ina 
weak magnetic field, our experiment probes 
the diamagnetism associated with supercon- 
ductivity. To avoid heating caused by microwaves 
and laser irradiation, we devised a measurement 
protocol to mitigate measurement-induced 
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perturbations to the superconducting state 
(20). Representative ODMR spectra at 8.3 kbar 
from the three diamond particles are shown in 
Fig. 2, B to D, when the sample temperature 
(~7.7 K) was much lower than T, (~20.4 K at 
8.3 kbar, determined by using ac susceptibility 
at zero field) (20). The ODMR spectra show 
different splittings. The splittings are caused 
by the Zeeman effect because of the magnetic 
field of the surroundings. Therefore, the ODMR 
spectra provides a means to detect the mag- 
netic field. Zeeman splitting of NVc (~64 MHz) 
is 10 times smaller than that of NV; (~658 MHz) 
when T < 7,, whereas the difference is much 
smaller when T > T, (Fig. 2G). The ODMR 
spectra of NVc at different temperatures are 
shown in Fig. 2E, from which the splitting 
was extracted and plotted in Fig. 2F. Upon 
warming up, the degree of splitting remains 
nearly constant initially but then experiences 
a marked increase that sets in at ~17 K. Above 
21 K, the splitting levels off again. To demon- 
strate the relevance of this feature to super- 
conductivity, we additionally collected the ac 
susceptibility data in the same experiment, 
which we could do because of the additional 
modulation coil added to our experimental 
configuration. Using the microcoil as the 
pickup coil, a sharp drop in the ac susceptibil- 
ity, signifying the superconducting transition 
(25, 26), was detected at the same temperature 
(Fig. 2F). The two methods agreed well on the 
measurement of 7\. 

The change of the local magnetic field 
distribution can also be seen in the tem- 
perature evolution of the splitting for NV; 
and NV; (Fig. 2G). Contrary to the behav- 
ior of NV¢, the degree of splitting decreases 
for NV; upon warming up. As a reference, 
the splitting for NV; is nearly constant in 
temperature, which can be understood be- 
cause NV; is so far from the superconductor 
that the total field does not change. These 
observations are well in line with the expec- 
tation from the diamagnetism associated 
with superconductivity, as explained earlier. 
There was no noticeable change of linewidth 
or in the overall contrast of the ESR lines. 
This is because the diamond particles were 
much smaller in size compared with the mag- 
netic field gradient induced by the dia- 
magnetism associated with superconductivity. 
Because of the finite size of the sample and the 
spacing between the diamond particles and 
the sample, there was a residual magnetic field 
that caused a Zeeman splitting of ~64 MHz for 
NV¢ at low temperatures. There was also a 
difference in the Zeeman splitting for three 
diamond particles when the sample was in 
the normal state because these diamond par- 
ticles were randomly oriented relative to the 
applied magnetic field. 

One of the major advantages of our tech- 
nique is demonstrated in Fig. 2H. As discussed 
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above, both the transverse and longitudinal 
components of the field relative to a given NV 
center can be calculated from its ODMR spec- 
trum. This provides the means to reconstruct 
the field vector. When the sample is in the 
normal state, the orientation of the NV center 
can be calibrated against the applied field di- 
rection, which is directed along the c axis 
of the sample. This gives an effective mag- 
netic field vector along the c axis that can 
be tracked as a function of temperature (20). 
With these considerations, we determined 
the effective magnetic field vector felt by 
NVc, NVz, and NV; at 8.3 kbar. For NV¢, the 
field vector shortens and tilts away from 
the vertical direction upon entering the super- 


C T>T. 


conducting state. This is consistent with NVc 
being on the top of the sample, and that the 
diamagnetism associated with superconduc- 
tivity causes the field lines to bend around the 
sample. However, for NVz, the field vector 
lengthens and only tilts slightly in the super- 
conducting state. Again, this is consistent 
with NV; being located off to the side of the 
sample, so that the field lines there remain 
vertical but denser in the Meissner state. Last, 
the field vector sensed by NV; remains prac- 
tically constant across the superconducting 
phase transition, in stark contrast to the be- 
havior of NV; and NV¢c. The ability to collect 
the complete vectorial information with spa- 
tial resolution under extreme conditions 


Fluorescence (a.u.) 


D T<T- 


NV 
. 5 NV, 
wz_* | 
<4 “a 


Fig. 1. Schematic illustration of experimental configurations and detection concepts. (A) An exploded 


view of our pressure cell design. The sample (blue) is 


ocated in the high-pressure chamber together 


with a collection of diamond particles. Each diamond particle is a sensitive local field sensor. The laser 


is directed toward the high-pressure chamber through 


the top moissanite anvil. The microwave is provided 


by a miniature microcoil in close proximity to the sample, allowing an efficient transmission of microwave 
power without causing the sample to heat up. The larger coil is added to serve as the modulation coil 


for auxiliary ac susceptibility measurements (26, 34). 
the gasket. 
where the c axis is the stacking direction of the FeAs 
external applied magnetic field in this study is always a 


The metal part beneath the modulation coil is 


The zoomed-in picture shows two coordinate systems used in this study. One is the sample frame 


planes, and the other is the NV center frame. The 
ong the sample c axis. The diamond particles, each of 


which contain ~1 million NV centers with four possible quantization axes, are randomly oriented relative to the 
sample frame (20). (B) (Left) Photograph of the microcoil with sample on top of the anvil. (Right) Fluorescence 


image from the confocal scan showing the microcoil and 


NV centers. The shape of the sample is traced by the 


pentagon. The location of three particular diamond particles—NVc, NV_e, and NV-—are marked. NVc is near the 


center of the top surface, NV_ is near the edge, and NV 


is far away from sample and serves as a control sensor. 


The fluorescence is collected between 650 and 800 nm. (C and D) Magnetic field profile around the sample under 
a weak applied magnetic field when (C) T > T, and (D) T < T,. The expulsion of the magnetic field when T < T, is a 
consequence of the diamagnetism associated with superconductivity. The alteration of the field profile in the 
presence of the superconductor provides an ideal platform with which to demonstrate the performance of our 
sensor to probe the complete field vectors with spatial resolution under pressure. 
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Fig. 2. The diamagnetism associated with superconductivity sensed by NV 
centers for BaFe2(Aso.s9Po.41)2 at 8.3 kbar. (A) Pulse sequence used for 
ODMR measurements. (B to D) ODMR spectra of each diamond particle 

at 7.7 K. The Lorentzian fits for determining the Zeeman splitting are marked 
with gray lines. (E) ODMR spectra of NV centers in NVc at different 
temperatures. (F) Comparison between the ODMR method (red) and ac 
susceptibility method (black) in determining the transition temperature To. 
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(G) The change of the Zeeman splitting for NV centers in NVc, NV_e, and NV 
as a function of temperature. (H) The variation of the local magnetic field 
vectors felt by NV centers in NVc, NVe, and NV; across the superconducting 
phase transition. The vertical direction is the c axis of the sample. The ODMR 
measurements were conducted with a laser power of 10 uW and a peak 
microwave power of 30 mW. An external B field of 68 G is applied along 

the c axis of the sample. 
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represents one of the key advances of our 
technique. 

Next, we illustrate the performance of our 
setup under a varying pressure. In a separate 
run, we calibrated our ODMR shift against 
the shift of the ruby fluorescence spectrum 
up to 60 kbar, confirming our capability to 
sense the pressure (20) and to conduct ODMR 
experiments at high pressures. We aimed to 
show that our setup does not lose sensitivity 
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to the superconducting transition when pres- 
sure is varied. The temperature dependence of 
the Zeeman splitting of NVc at seven different 
pressure points is shown in Fig. 3A, from 
which the pressure dependence of T, can be 
detected. Additional supporting ac suscepti- 
bility data can be found in (20). The resultant 
T-p phase diagram (Fig. 3B), where p is pres- 
sure, shows a suppression of the supercon- 
ducting state with pressure. This is consistent 
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with x = 0.41 being located at the overdoped 
side of the superconducting dome (25). To 
verify reproducibility, we also collected data 
on releasing pressure. The overall smooth 
evolution of T, against p shows that the 
system is in the elastic regime. This series 
of experiments confirms the performance 
of our technique. 

The transition width for the two methods 
in Fig. 2F exhibits a noticeable difference. 
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Fig. 4. Measurement of the lower critical 
field H.;(T) and the upper critical field 
H.2(T) of BaFe2(Aso.s9P0.41)2. (A) The magnetic 
field along the c axis measured for NVc. The 
applied field along the c axis is 95 G, which can 
be determined from the data at 30 K. The 
definitions of T,; and T.2 are shown. (B) Phase 
diagram showing oHi(T) (red open circles) and 
H,o(T) (red solid circles) at 8.3 kbar. Here, the 
geometry factor o for a thin slab with lengths /, 
along the field and /, perpendicular to the field 


can be calculated by a = tanh,/0.36(/¢/la) 
(35), where |,/I, ~ 0.8. Therefore, a is ~0.5. The 
black line acts as a guide for the eyes. Additional 
oHi(T) for 15 kbar are added to the phase 
diagram for comparison (green crosses). The 
error bars are smaller than the symbol sizes. 


This is because with the application of a mag- 
netic field, the vortex state can be stabilized 
in a type IT superconductor. The larger width 
for the ODMR-based technique is caused by 
the NV center, located in the close proximity 
of the sample, beginning to sense the pene- 
trating field in the form of vortices (ac sus- 
ceptibility, which probes the average response 
of the whole sample, is much less sensitive to 
the vortex state). To probe the phase bounda- 
ries, we calculated the magnetic field along the 
sample c axis sensed by NVc. The temperature 
dependence of the resultant field at 8.3 kbar 
is shown in Fig. 4A. Below 7,, and above T.., 
the c axis field is temperature independent. 
However, between 7, and Tyo, a rapid rise of 
the ¢ axis field is detected. This is a conse- 
quence of the entry of the magnetic field lines 
in the form of vortices at T > T., and the full 
penetration of the applied magnetic field for 
T > Teo. Using the data at 30 K, which is in the 
normal state, we can calibrate the value of the 
applied magnetic field. Thus, this magnetic 
field must be proportional to H. at T4 and 
equal to Hy at Tyo. Hence, our ODMR data 
offer the possibility to detect the transition 
from the Meissner state to the vortex state 
under pressure. 

Repeating the measurements at different 
applied fields, we can trace out aH4(T) and 
A..(T) for & = 0.41 at 8.3 kbar (Fig. 4B), where 
H(T) is the boundary between the Meissner 
state and the vortex state, whereas o ~ 0.5isa 
numerical constant that depends on the geom- 
etry of the sample. From H,,(T), the temper- 
ature dependence of the London penetration 
depth can be deduced, allowing discussion 
of the superconducting gap function (27, 28). 
H.(T) appears linear at low temperatures 
and extrapolates to 384 G at O K. Both the 
linearity and the extrapolated H,,(0) value 
are in good agreement with previous H. 
studies conducted for this family of Fe-based 
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superconductors by means of micro-Hall probe 
array (27). On the other hand, the initial slope 
|dH.»/ aT|,, is proportional to the square of 
the quasiparticle effective mass relative to the 
free-electron mass. The almost vertical H.o(T) 
is consistent with the strongly correlated na- 
ture of the material system. 

We have successfully demonstrated the use 
of NV centers in diamond as a vector mag- 
netic field sensor with superior spatial reso- 
lution and field sensitivity in pressure cells 
under cryogenic conditions. The spatial reso- 
lution of the protocol shown here can be 
pushed to <100 nm (20). This resolution offers 
a distinct opportunity to sense the dynamics 
of magnetically related features such as mag- 
netic domains, vortices (29-32), and skyrmions 
in pressure cells. As a noninvasive and contact- 
less method, it can be used to study systems 
that are too small or too delicate for traditional 
macroscopic field sensors, such as flakes of 
two-dimensional materials (33). Furthermore, 
this approach is not limited to magnetic-field 
sensing. NV center is sensitive to other phys- 
ical parameters, such as local electric fields 
and mechanical strain. Therefore, the method 
demonstrated here can be used in other ap- 
plications besides magnetic field related pro- 
cesses and becomes a powerful tool in the 
study of quantum physics in strongly correlated 
systems under pressure. 
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HIGH-PRESSURE PHYSICS 


Magnetic measurements on micrometer-sized 
samples under high pressure using designed 


NV centers 


Margarita Lesik’*, Thomas Plisson?*+, Loic Toraille’*, Justine Renaud’, Florent Occelli”, 
Martin Schmidt’, Olivier Salord*, Anne Delobbe®, Thierry Debuisschert*, Loic Rondin’, 


Paul Loubeyre’, Jean-Francois Roch'+ 


Pressure can be used to tune the interplay among structural, electronic, and magnetic interactions 

in materials. High pressures are usually applied in the diamond anvil cell, making it difficult to study 
the magnetic properties of a micrometer-sized sample. We report a method for spatially resolved optical 
magnetometry based on imaging a layer of nitrogen-vacancy (NV) centers created at the surface of a 
diamond anvil. We illustrate the method using two sets of measurements realized at room temperature 
and low temperature, respectively: the pressure evolution of the magnetization of an iron bead up to 
30 gigapascals showing the iron ferromagnetic collapse and the detection of the superconducting 


transition of magnesium dibromide at 7 gigapascals. 


ompression of a solid directly changes 

its electron density, inducing a variety 

of magnetic phenomena such as mag- 

netic quantum criticality and high-spin 

to low-spin transitions (J). In addition, 
pressure can be used to tune superconduc- 
tivity in a wide range of systems, such as 
cuprates, transition-metal dichalcogenides, 
iron pnictides, heavy fermions, and topolog- 
ical superconductors. Recently, a new class of 
high-temperature superconductors has been 
discovered in H-rich hydrides at high pressure, 
with the reported critical temperature of 203 K 
in H3S (2) and 250 K in LaHjp at pressures 
>150 GPa (3, 4). Systematic exploration of 
these materials requires sensitive magnetic 
characterization that can be routinely oper- 
ated in the 100-GPa range (5). 

Great efforts have already been made to 
adapt magnetic detection methods to dia- 
mond anvil cell (DAC) specificities (6). The 
macroscopic magnetic susceptibility of the 
compressed sample can be measured using 
inductively coupled coils. However, the max- 
imum size of the sample that can be inte- 
grated in the DAC decreases with increasing 
pressure. Two strategies have been pursued 
to circumvent this poor scalability that is 
detrimental to detection sensitivity. One is 
to insert the detection coil inside the sample 
chamber (7) and the other is to miniaturize 
the whole DAC to integrate it in a supercon- 
ducting quantum interference device (SQUID) 
to benefit from the intrinsic high sensitivity of 
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SQUID measurements (8). Synchrotron-based 
methods, such as x-ray magnetic circular di- 
chroism, x-ray emission spectroscopy (XES), 
and nuclear resonant forward scattering, are 
also widely used, having been made possi- 
ble by the development of focused and high- 
brightness synchrotron x-ray beams. By 
addressing atomic or nuclear resonance lines, 
these methods are element specific and re- 
solve local magnetism stemming from a given 
electronic order (9). However, no theoretical 
framework has been unanimously agreed 
upon for the interpretation of the signals 
obtained with these techniques (J0, 17) and 
therefore their quantitative analysis remains 
challenging. Furthermore, synchrotron-based 
techniques, which mainly probe nuclear or 
electronic transitions, are not directly sensitive 
to magnetic phenomena such as the Meissner 
effect, which is an unambiguous signature of 
superconductivity. 

We report an optical magnetometry method 
based on nitrogen-vacancy (NV) color centers 
used as in situ quantum sensors (Fig. 1A). The 
main advantages of this method are the easy 
sample preparation, the tabletop instrumen- 
tation, the mapping of the stray magnetic field 
with micrometer spatial resolution, and the 
absence of any sensitivity decrease with the 
sample size down to the micrometer scale. 
Being noninvasive, the method can be easily 
combined with complementary structural 
determination by x-ray diffraction. The method 
is based on optically detected magnetic reso- 
nance (ODMR), which exploits the triplet fine 
structure of the negatively charged NV" center 
ground state (Fig. 1B). ODMR relies on the de- 
pendence of the luminescence intensity of the 
NV center whether it is excited from ms = 0 
(high-intensity) or mg = +1 (low-intensity) 
spin states (72). This property is used to per- 
form a spectroscopy of the ms = 0 — +1 tran- 
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sition excited by a microwave (MW) signal, 
the frequency of which is scanned across the 
resonance. Under a continuous MW excita- 
tion in the absence of external perturbation, 
the spin-dependent luminescence recorded 
as a function of the MW frequency exhibits a 
resonance peak at 2.87 GHz (Fig. 1C). An ex- 
ternal magnetic field applied on the NV center 
then splits this resonance, leading to the direct 
measurement of the magnetic field amplitude 
from the ODMR spectrum (13). The influence 
of strain on this electron spin transition was 
investigated up to a pressure of ~60 GPa in 
Doherty et al. (74), who envisioned magnetic 
detection in a DAC as the main goal. Here, 
we fabricated the NV centers in the diamond 
anvil and developed a technique that enables 
magnetometry based on them. We illustrate the 
efficiency of this technique using two examples: 
a quantitative measurement of the magnetiza- 
tion of iron up to 30 GPa under ambient temper- 
ature around the o-e phase transition (15) and 
the diamagnetic response associated with super- 
conductivity in MgB. at 7 GPa and 30 K (J6). 

We used a focused ion beam extracted from 
a nitrogen plasma to create the NV centers at 
the culet of an ultrapure synthetic (Ias) dia- 
mond anvil (77), with a layer of ~10* defects/um? 
at a depth of 20 nm below the surface of the 
anvil culet (78). As shown in Fig. 1A, the op- 
tical excitation of these shallow NV centers 
using a laser of 532 nm wavelength and the 
detection of their luminescence are performed 
through the anvil. We then implemented the 
wide-field ODMR scheme of Steinert et al. (79) 
to record on a camera the image of the spin- 
state-dependent luminescence emitted by the 
NV layer as a function of microwave frequency 
[see the supplementary materials (78) for ad- 
ditional information]. The implanted diamond 
anvil was mounted on a membrane DAC and a 
rhenium gasket laterally confined the sample. 
An external single-turn coil was positioned on 
the gasket as a MW antenna for the ODMR 
(Fig. 1A). As demonstrated in Steele et al. (20), 
the microwave excitation coil could be em- 
bedded in the anvil by metal deposition on the 
culet covered with a layer of diamond grown 
using plasma vapor deposition. A ruby crystal 
was used as a pressure gauge. Microscopic 
samples of iron or MgB, were positioned in 
the sample chamber directly in contact with 
the implanted anvil (Fig. 2) and embedded 
in a pressure-transmitting medium consist- 
ing of nitrogen or argon, respectively. 

In the case of iron, various samples were 
loaded to test geometric and size effects. The 
detailed analysis focuses on one of the iron 
beads [see fig. S14 in the supplementary ma- 
terials (18) for the signals associated with the 
other samples]. A magnetic field of By = 11 mT, 
created by a permanent magnet, was applied 
to magnetize the iron samples and to split and 
resolve the resonances associated with the 


1 of 4 


RESEARCH | REPORT 


diamond anvil cell 


dichroic 
mirror 


renormalized photoluminescence 


a7 #28 29 30 


four orientations of the NV centers existing 
in a 100-oriented diamond (27). 

The energy levels of a given NV center are 
modified by the magnetic field and by the 
strain field existing in the anvil. The combi- 
nation of these two perturbations results in 
both a shift and a splitting of the MW reso- 
nance frequency (22). As illustrated in Fig. 1B, 
the hydrostatic component of the strain shifts 
the resonance frequency, whereas its non- 
hydrostatic component and the magnetic field 
both split the resonance around its center 
frequency. Extracting the magnetic field cre- 
ated by the iron bead magnetization from 
these resonances recorded at high pressure 
requires taking into account the competing 
effects of the magnetic field and the strain 
field, which add quadratically (23). A typical 
spectrum obtained in the experiment is shown 
in Fig. 1C. To first order, the effect of the 
magnetic field is proportional to its longitu- 
dinal component along the N-V axis; this 
leads to a spectrum consisting of four double 
resonances linked to the four NV orienta- 
tions. A map of the measured raw frequency 
splittings in an area surrounding an iron bead 
(red square in the sample image in Fig. 2) is 
shown for each family of NV centers at the pres- 
sure of 24 GPa (color plots in Fig. 2). The split- 
ting induced by the iron bead magnetization 
is on the order of a few megahertz, which can 
be resolved over the splitting induced by Bo. 
Even before any data analysis, such images 
can be recorded live during the experiment, 
providing direct evidence of pressure-induced 
modifications of the magnetic properties. This 
optical mapping has a resolution of ~1 um, 


32. 33 34 
frequency (GHz) 


Fig. 2. Frequency splittings 
associated with the mag- 
netization of an iron bead. 
The center image shows the 
iron samples inside the 
gasket. The four color plots 
show the maps of frequency 
splittings at 24 GPa for the 
four NV orientations across 
the region surrounding an 
iron bead (red square in the 
center image). For each NV 
orientation, the N atom is 
shown in blue, the vacancy V 
is shown in white, and the 
carbon atoms of the lattice 
are shown in black. The 
splittings combine the effect 
of nonhydrostatic strain in 
the anvil, the applied 
magnetic field, and the stray 
magnetic field created by the 
bead magnetization. a, B, 
and y are reference axes 
linked to the anvil used to 
identify the four NV orienta- 
tions. The dotted lines indi- 
cate the orientation of the 
anvil surface. 
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Fig. 1. Implementation of NV magnetometry in a 
DAC. (A) Scheme of the DAC setup. A 250-um-wide 
disk of NV centers was implanted in the 300-um-wide 
culet of one of the two anvils shown in blue. A rhenium 
gasket (in gray) enclosed the sample and a ruby 
pressure gauge. A single-loop wire was placed on the 
gasket to generate the microwave excitation. A green 
aser with 532-nm wavelength was used to excite the 
red luminescence of the NV centers. The electron spin 
resonance was detected through its effect on the 
uminescence by imaging the layer of NV centers on a 
camera. (B) Electronic structure of the NV center 
ground state with the modification of the energy levels 
induced by the strain in the anvil and the magnetic 
field. Hydrostatic compression shifts the resonance by 
8, whereas nonhydrostatic strain splits the resonance 
into two components with a frequency splitting of 2Act,. 
The additional influence of the applied magnetic field 
eads to a total frequency splitting of 2A. (C) Typical 
resonance spectra recorded with an ensemble of NV 
centers. In the absence of any perturbation, the 
spectrum consists of a single resonance at D = 2.87 
GHz. The combination of the strain with the projections 
of the magnetic field on the four NV orientations in 
the crystal leads to eight resonance peaks. 
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Fig. 3. Observation of 
the o-< transition of 
iron. (A) Evolution of 
he bead magnetization 8 @ e 
inferred at each pressure. 
The data obtained during 
the pressure increase 
are shown by blue dots 
and those obtained during 
the pressure release 

are shown by red dots. 
The shaded area shows 
the uncertainty interval 
on the magnetization 
value during the pressure 
increase. The dotted lines 0 5 
are guides for the eye. 
bec, body-centered cubic 
a-phase; hcp, hexagonal 
close-packed e-phase. 

(B) Evolution with pressure 
of the amplitude of the 
magnetic field created by 
the iron bead. The mask 
shown in black is associ- 
ated with the criteria set on 
the ODMR contrast. 
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Fig. 4. Exclusion of the magnetic field by the superconducting state of 


60 


MgBp>. (A) Maps of the ODMR frequency splitting above the MgB sample 
recorded for an increasing temperature. A control magnetic field By = 1.8 mT 
is applied and induces a background ODMR splitting. The total ODMR splitting 
combines the influence of Bo with the strain in the anvil. Below 30 K, the 
exclusion of the magnetic field is observed above the MgBz sample owing to 
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allowing us to reveal inhomogeneities in the 
sample magnetization or anisotropies in the 
strain distribution. 

After ascribing each pair of resonances to a 
given 111 axis of the diamond anvil, the stray 
magnetic field created by the iron bead can be 
quantitatively extracted from the correlated 
information that is embedded in the spec- 
trum shown in Fig. 1C (24). First, the strain 
component was extracted from the ODMR 
signal using a reference area of the image 
selected to be far from the bead where the 
stray magnetic field is negligible. Right below 
the bead, the NV centers experience a strong 
transverse magnetic field, which mixes the 
Mg = +1 states and induces a strong decrease 
of the ODMR contrast (25). This quenching 
leads to a background signal without a direct 
link to the iron bead magnetization. Addi- 
tionally, the microwave excitation is screened 
by the eddy currents induced in the iron sphere; 
this effect also contributes to the decrease of 
the ODMR contrast. As shown in Fig. 3B, the 
area below the center of the bead was excluded 
by applying a mask to the data according to a 


alles threshold set on the contrast [see the supple- 
mentary materials (18) for the data process- 
ing]. At high pressures, the bead magnetization 
decreases and the masked area decreases 
accordingly. 
B 
| background splittin 1 
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temperature (K) 


the diamagnetic response associated with superconductivity. This effect disappears 
above 30 K, leading to a homogeneous distribution of the ODMR splitting. Inset: 
Optical image of the sample. The red square indicates where the ODMR splitting 
is mapped. (B) Evolution of ODMR splitting above the sample when the 
temperature is increased. The data points are averaged on the black squares 
of (A). The dotted line is a guide for the eye. 
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The magnetization M of the iron bead was 
then determined by fitting the relevant part 
of the magnetic field map with a simple mag- 
netic dipole model (78). At low pressure, we 
obtained M = 8 + 1 kAem™. The evolution of 
the magnetization with pressure is shown in 
Fig. 3A. The magnetic field of the iron bead 
decreases as the pressure increases from 
15 GPa up to ~30 GPa (Fig. 3B), above which 
no value of the magnetization can be inferred. 
This result demonstrates the sensitivity of 
the detection scheme and is consistent with 
previous XES (26, 27) and SQUID measure- 
ments (28) that reported magnetic signals well 
above the a-e transition threshold. Whether a 
remnant of the o phase is responsible for this 
magnetic signature up to 30 GPa could be 
investigated by implementing NV-based mag- 
netometry on an x-ray diffraction beamline, 
combining structural characterization and a 
direct measurement of the magnetization on 
the same sample at each pressure. Finally, 
upon the release of pressure in the DAC, we 
observed the reappearance of the sample 
magnetization (Fig. 3A) with the expected 
hysteresis behavior related to the hysteresis 
of the structural transition (15). 

This technique can be straightforwardly 
implemented at low temperature to observe 
the diamagnetic response associated with super- 
conductivity. As a proof-of-principle experi- 
ment using a testbed compound, we chose 
a sample of MgB, that was confined in the 
DAC at 7 GPa and first cooled in a cryostat in 
the absence of external magnetic field. At a 
temperature of ~18 K, an external magnetic 
field ~1.8 mT was applied. The direction of 
this applied magnetic field was chosen par- 
allel to the 100-diamond axis so that the four 
NV orientations in the crystal had identical 
responses. As shown in Fig. 4A, the compari- 
son between the frequency shift in the ODMR 
spectra of the NV centers located above the 
sample and the homogeneous background 
gives a direct image of the exclusion of the 
magnetic field above the MgB, sample. This 
shielding is induced by the superconductor 
diamagnetic response to the applied magnetic 
field. Under heating of the DAC, the exclusion 
of the magnetic field disappeared >30 K (Fig. 
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4B). This behavior agrees with the reported 
pressure evolution of the critical temperature 
of MgB, superconductivity (76). 

It would be worthwhile to investigate how 
this direct optical detection of superconduc- 
tivity can be implemented at a pressure range 
>100 GPa. This may require adapting the 
excitation and readout wavelengths of the NV 
center to compensate for the pressure-induced 
energy shifts of the electronic levels (74). NV 
engineering based on controlled nitrogen 
doping during the plasma-assisted growth of 
a diamond layer (29) or using laser writing 
(30) can bury a thin sheet of NV centers at a 
depth where the influence of strain in the 
anvil could be less detrimental. We anticipate 
a major research direction to be the investiga- 
tion of high-temperature superconductivity in 
the various superhydride compounds that can 
be directly synthesized at high pressure, such 
as H3S (2), LaHyo (3, 4), UH, (31), and FeH; 
(32). The technique could also enable the ob- 
servation of the predicted magnetic proper- 
ties of metallic hydrogen (33-36), for which 
various challenging experimental probes have 
already been proposed (37, 38). 
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MARTIAN ATMOSPHERE 


Global circulation of Mars’ upper atmosphere 


M. Benna**, S. W. Bougher’, Y. Lee’, K. J. Roeten’, E. Yigit *, P. R. Mahaffy’, B. M. Jakosky® 


The thermosphere of Mars is the interface through which the planet is continuously losing its reservoir of 
atmospheric volatiles to space. The structure and dynamics of the thermosphere is driven by a global 
circulation that redistributes the incident energy from the Sun. We report mapping of the global 
circulation in the thermosphere of Mars with the Mars Atmosphere and Volatile Evolution (MAVEN) 
spacecraft. The measured neutral winds reveal circulation patterns simpler than those of Earth that 
persist over changing seasons. The winds exhibit pronounced correlation with the underlying topography 


owing to orographic gravity waves. 


xploration of the atmospheres of the 
Solar System terrestrial planets (Venus, 
Earth, and Mars) has shown that global 
circulation of neutral and ionized gases 
in the high-altitude regions of the atmo- 
sphere (including the thermosphere and ion- 
osphere) dominates the dynamical state and 
evolution of these planetary environments 
[e.g., (D)]. Thermospheric circulation locally 
and globally distributes the deposited energy 
and momentum imparted both from below, 
by lower atmosphere waves, and from above, 
by the solar wind, and subsequently determines 
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Fig. 1. Dominant neutral 
winds observed 

using NGIMS during 

33 monthly campaigns 
from April 2016 to 
December 2018. The 
average neutral winds are 
shown as whiskers. The 
magnitude of their orbit- 
to-orbit variability are 
reflected in the whisker 
colors. The orbit-to-orbit 
variability of the winds 
for a given location is 
captured by the GCV 
(color bar). No variability 
is assessed for cam- 
paigns that involved a 
single orbit (black 
whiskers of C#1, 13, 16, 
and 23). The MAVEN 
ground tracks are shown 


Latitude (°) 


how the lower atmosphere and magnetosphere 
combine to interact with the thermosphere 
[e.g., (2)]. Although Earth’s thermospheric cir- 
culation has been the target of extensive studies 
[e.g., (3, 4)], the nature of Mars’ thermospheric 
transport and its variability remain largely 
uncharacterized owing to the scarcity of direct 
observations. The Mars Global Surveyor (MGS), 
Mars Odyssey, and Mars Reconnaissance Or- 
biter spacecraft collected data on the dynam- 
ics of Mars’ global circulation and its seasonal 
variability [e.g., (6-8)]. However, those obser- 
vations provided very limited and incomplete 
constraints for global circulation models [e.g., 
(9-12)]. We report observations from the Neu- 
tral Gas and Ion Mass Spectrometer (NGIMS) 
(13) on the Mars Atmosphere and Volatile 
Evolution (MAVEN) spacecraft to investigate 
Mars’ planet-wide thermospheric circulation. 

Since entering Mars’ orbit in 2015, NGIMS 
has collected in situ measurements of the com- 
position of the thermosphere and ionosphere 


Solar Local Time (hours) 


of Mars. In April 2016, the instrument’s opera- 
tion mode was modified to measure both 
speed and direction of neutral flows along 
the spacecraft path through the atmosphere 
(14). These observations took advantage of 
MAVEN’s articulated payload platform (APP), 
on which the instrument is mounted, to rap- 
idly and periodically swing NGIMS’ boresight 
direction by +8° in the spacecraft’s local hor- 
izontal plane. This technique allows the instru- 
ment to measure neutral winds at altitudes 
of ~140 to 240 km with typical uncertainty of 
20 ms’ for the along-track component and 
6ms__ for the cross-track component, with a 
measurement frequency of ~0.03 Hz. Flow 
directions and speeds are reconstructed during 
data processing of the modulated CO, abun- 
dance in the thermosphere using spacecraft 
pointing and trajectory information (/4). Ina 
typical orbit, neutral wind observations are 
conducted along a spacecraft track that ex- 
tends over 2000 km and an altitude change of 
up to 80 km. Two successive wind measure- 
ments are separated in time by the 30 s it 
takes for the APP to complete a single swing 
and in space by ~130 km horizontally and 
~10 km vertically as a result of the spacecraft 
motion. 

To mitigate the effect of short- and long- 
term variabilities of the neutral flow patterns 
(on scales of minutes and hours, respectively), 
most wind observations were collected over 
monthly campaigns. During most campaigns, 
NGIMS conducted a set of 5 to 10 successive 
neutral wind observations at nearly the same 
local time-latitude (LT-LAT) combination. 
These observations were separated by the 


250.0 ms" 
<_ 
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as black traces, with periapsis locations indicated by black dots. The season of each campaign is indicated by the solar longitude (Ls). A neutral wind flow map 
generated by the M-GITM model (9) is shown in gray arrows for comparison. This map represents the expected winds at 150 km for Ls = 180° season and under 
moderate solar EUV input. More detailed and season-specific comparisons between winds produced by the M-GITM model and a select number of neutral wind 


campaigns are provided elsewhere (16). 
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Fig. 2. Topographic correlation of the deviations 
from the mean wind for campaigns C#17 and 
18. Wind disturbances tend to follow the downslope 
of the local terrain (low angular deviations) when 
its topographic slope is high. This preferential 
alignment creates the exclusion region depicted 

in gray. The bounds of the exclusion region 
(dashed red line) are used as a measure of the 
degree of alignment of the wind disturbances. 
This degree of alignment increases linearly 

with the sloping of the terrain, independently 

of the disturbance magnitude. For flat terrains 
(slopes <0.15°), the disturbance ceases to 

follow a preferential direction. The error 

bars reflect the propagated lo uncertainties 

of the measured disturbances. 


4.5-hour orbital period of MAVEN. Between 
April 2016 and December 2018, a period of 
1.5 Mars seasons, 33 campaigns (designated 
C#1 to 33) were completed, spanning latitudes 
of +70° and nearly all local times. The list 
of the individual orbits that make up these 
campaigns is provided in Data S1. For each 
campaign, the dominant wind direction and 
magnitude were assessed by averaging the 
wind vectors at a fixed LT-LAT location and 
altitude. The magnitude of the orbit-to-orbit 
variability of the winds was parametrized by 
the generalized coefficient of variation (GCV), 
a consolidated measure of changes in both 
flow direction and magnitude (14). The GCV 
metric is a multivariate extension to the clas- 
sical single-variable coefficient of variation, 
which provides a consolidated measure of wind 
variability across all campaigns. Dominant 
neutral winds (average wind vectors as- 
sessed for each campaign) measured over the 
33 campaigns are depicted in Fig. 1 and pro- 
vided in numerical form in Data S2. 

These average neutral wind observations 
provide a global view of thermospheric cir- 
culation on Mars. On the day side, winds orig- 
inate from the equatorial postnoon region, 
corresponding to the location of the expected 
high-atmospheric density and high-temperature 
region [e.g., (9)]. The stagnant winds of this 
region were captured during campaigns C#8 
and 9. The observations show that this ther- 
mospheric mass is transported from day to 
night either through transpolar eastward and 
westward flows (e.g., C#1 and 2, 11 and 12, 21 to 
23, and 30 and 31) or through an equatorial 
westward path (e.g., C#17 and 18 and 25 to 
27). The high-latitude transpolar flows on the 
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dusk side (C#1 and 2, 21 and 22, and 30 and 
31) exhibit small orbit-to-orbit variations and 
have a mean speed of 211 ms’. Those on the 
dawn side are slower (an average of 97m s_‘) 
and more variable. In the postdusk area (LT = 
19 to 23 hours), the observed rotation of the 
flow westward (C#1, 13, 5, 21, and 30) is con- 
sistent with the presence of a convergent zonal 
wind region where dayside eastward flowing 
and nightside westward flowing winds meet. 
The location of the convergence region was 
captured at LT = 19.5 hours as the very slow 
but highly variable winds of C#7 during solar 
longitude (Lg) = 332° The location of this con- 
vergence region seems to vary with seasons, 
because it was not present when the same LT- 
LAT was mapped 4.5 months earlier during 
C#5 (Lg = 227°). In the predawn, the observed 
winds (C#3 and 4, 19 and 20, 25 to 29, and 33) 
are consistent with the presence of a sec- 
ond region of flow convergence near LT = 2 to 
6 hours and LAT = +30° where the thermo- 
spheric gas mass is most likely descending 
(15). The center of this convergence region was 
most likely captured as the slow and variable 
winds of C#28. 

Figure 1 also provides a qualitative compar- 
ison between the average measured winds and 
the neutral wind flow map predicted by the 
Mars Global Ionosphere-Thermosphere Model 
(M-GITM) (9) at 150 km for Lg = 180° sea- 
son and under moderate solar extreme ultra- 
violet (EUV) input. The northern hemisphere 
autumn equinox and moderate solar EUV set- 
tings correspond to the average conditions en- 
countered by NGIMS over the course of the 
33 campaigns. This comparison is notional 
because the NGIMS observations span multi- 
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ple seasons and solar activities and are taken 
over a wide range of altitudes (~140 to 240 km). 
A quantitative comparison between the mea- 
sured winds and those modeled by M-GITM 
has been performed by Roeten e¢ ail. for five 
selected campaigns (/6). They found that, in 
some cases, the magnitudes and/or directions 
of the M-GITM-simulated winds match those 
of the observed winds, whereas in others, large 
differences occur. The role of normal solar 
forcing [i.e., net radiative heating largely owing 
to the difference between the absorbed solar 
EUV and ultraviolet (UV) irradiance and which 
radiated back to space as CO, 15-um emis- 
sion] in driving thermospheric winds at Mars 
seems to be variable. In cases with large dif- 
ferences between the observed and simulated 
winds, processes other than normal solar 
forcing may have altered the expected circu- 
lation pattern. 

All NGIMS wind observations were taken 
under conditions of moderate or minimum 
solar EUV activity. The global-scale thermo- 
spheric wind pattern is predicted to remain 
much the same during time periods when 
higher solar fluxes occur [e.g., (9)]. However, 
the magnitude of the winds should increase 
substantially as solar maximum conditions 
are approached and in situ EUV and UV heat- 
ing is enhanced. Simulations with the Mars 
Thermosphere General Circulation Model 
predicted that horizontal wind magnitudes at 
equinox should increase by nearly ~125 ms + 
at ~200 km as solar fluxes rise from solar 
minimum to maximum conditions [10.7-cem 
solar radio flux index (F10.7) = 70 to 200 solar 
flux units] (17). Likewise, M-GITM predicts ter- 
minator horizontal winds to vary by ~100 m s* 
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(equinoxes) and ~140 to 200 m s° (solstices) 
for the same increase of solar activity (9). Thus, 
the combination of solar activity (primary) and 
seasonal variations is expected to contribute 
substantially to the change in magnitude of 
the martian thermospheric winds when in situ 
EUV-UV heating is the primary driver. 

Owing to planetary rotation, the MAVEN 
spacecraft overflies different martian terrains 
on successive orbits. Analysis of orbit-to-orbit 
variations in the measured winds during 
campaigns C#17 and 18 revealed a pronounced 
correlation between the observed wind varia- 
bility and the underlying topography of the 
planet. These two campaigns are unlike the 
others in two aspects. First, they covered the lat- 
itudinal band of +30° over which Mars exhibits 
its topographic transition between the south- 
ern highlands and the northern lowlands. 
This band also encompasses the pronounced 
elevated terrains of the Tharsis plateau and 
its shield volcanoes. Second, these two cam- 
paigns captured the strong and steady equato- 
rial westward flows that advect thermospheric 
gases from day to night. These steady flows 
exhibit the lowest measured orbit-to-orbit GCV 
of our equatorial campaigns. The inherent 
stability of the neutral flows in this region 
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allows us to detect the faint disturbances that 
are induced by the varying martian topogra- 
phy. By contrast, campaigns that occurred in 
the equatorial eastward regions (C#7 to 9) 
exhibited a high intrinsic variability owing 
to the presence of the stagnant wind region 
(LT = 15 to 17 hours) and the convergence 
region at LT = 19.5 hours where flows are in- 
herently slow and unorganized. Campaigns 
C#25 and 26, although also equatorial and with 
strong winds, took place during the planet- 
encircling dust event of June 2018 (18) that 
disturbed the thermosphere. 

The correlation between the measured winds 
and the topography was assessed for cam- 
paigns C#17 and 18 by comparing the mea- 
sured wind vectors for a given orbit with the 
mean vectors derived by averaging measure- 
ments taken at a given altitude from all orbits 
of the campaign (as shown in Fig. 1). The av- 
erage wind provides a close approximation of 
the thermospheric flow over a featureless ter- 
rain (devoid of any topographic relief). The 
deviation from the average of the wind vec- 
tors that were observed on a given orbit were 
compared to topographic slopes of the terrain 
reconstructed from a 1°-resolution MGS ele- 
vation map (19). 


C#17 - Orbit #6045 


Figure 2 shows that the wind disturbances 
of C#17 and 18 tend to preferentially align with 
the downslope direction of the underlying ter- 
rain. This alignment occurs for topographic 
slopes higher than 0.122° and is more pro- 
nounced over regions that exhibit large topo- 
graphic gradients. However, over locations 
where the terrain has no pronounced sloping, 
the directions of the wind disturbances are 
nearly randomly distributed about the direc- 
tion of the downslope. The disturbances that 
are shown in Fig. 2 have an average magni- 
tude of 75 ms’ compared with average wind 
speeds of 195 m s’. A statistical hypothesis 
test (J4) shows that this correlation has a 
probability of ~1.8 x 10-8 of resulting from 
a combination of statistical randomness and 
the undersampling of observations over ter- 
rains with high topographic elevation. We 
therefore conclude that the correlation is 
statistically significant. 

An overlay of the wind disturbance vectors 
on a surface elevation map are shown in Fig. 3 
for three orbits of campaigns C#17 and 18. The 
wind disturbances measured during MAVEN 
orbits 6047 and 6199 flow away from the ele- 
vated terrains of the Tharsis plateau. However, 
the same wind pattern is disturbed from its 
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Fig. 3. Relationship between surface topography, mean flows, and wind disturbances observed during three orbits of campaigns C#17 and 18. The mean 
flow (black arrows) is derived by averaging measurements taken at the same altitude from all orbits of the campaign. The shown wind disturbances (red arrows) flow 
away from high elevation following the terrain local gradient. 
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average direction during MAVEN orbits 6045 
and 6202, flowing down toward the low eleva- 
tions of Arabia Terra and the Hellas basin. These 
winds flow downslope toward the Isidis basin 
and Hellas Planitia on orbits 6044 and 6201. 

The apparent alignment of the observed 
wind disturbances with the underlying ter- 
rain is most likely the result of the winds 
flowing around and past standing features in 
the thermosphere. We interpret these standing 
thermospheric features as perturbations in 
both density and temperature that are linked 
to the underlying topography. The ionosphere 
can be ruled out as a possible source of these 
topographically linked thermospheric features 
for two reasons. First, the wind disturbances 
were observed at altitudes well above the 
dynamo region (120 to 160 km) where ion- 
neutral collisions dominate (20) and where 
ion drag can exert some influence on the 
thermosphere. Second, the crustal magnetic 
fields that can generate ionospheric structures 
with strong connection to the surface exhibit 
a topology that is weakly linked to the topog- 
raphy of the planet. Because the topographic 
relief that is responsible for these thermo- 
spheric standing features lies 150 to 200 km 
below the locations where NGIMS is sensing 
the winds, they most likely exert their influ- 
ence in the lower thermosphere by means of 
upward propagating gravity waves. 

Flow over terrain with a stably stratified 
atmosphere is known to produce vertically 
propagating gravity waves (27). Such gravity 
waves are often referred to as orographic 
gravity waves (or mountain waves) to distin- 
guish them from convectively generated grav- 
ity waves. Gravity waves transport their energy 
and momentum upward to the middle and 
upper atmosphere, where they dissipate into 
the mean flow through wave breaking, diffu- 
sion, nonlinear interactions, and viscosity (22). 
This localized energy and momentum deposi- 
tion is the most likely source of the observed 
correlation. However, gravity wave-driven 
transport was not forecast (23) to reach the 
high altitudes of the MAVEN observations 
(up to 240 km). 

Depending on the background winds and 
temperature, orographic waves are predicted 
to rise nearly vertically to the thermosphere. 
Their signature can also reach indirectly higher 
altitudes through nonlinear interaction (24, 25) 
with upward propagating nonorographic grav- 
ity waves. A combination of the two processes 
may be responsible for the observed correla- 
tion. The ability of gravity waves to propagate 
upward is controlled to a large extent by their 
intrinsic phase speed—specifically, horizontal 
phase speed relative to the background atmo- 
spheric flow. Harmonics with larger intrinsic 
phase speeds have a greater potential to pene- 
trate deeper into the thermosphere (26). Terrain- 
generated gravity waves have zero phase speeds 
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with respect to surface features and appear 
fixed in space for a stationary observer. How- 
ever, relative to the background circulation, 
these waves are propagating upwind at the 
same speed as the background wind, which 
allows them to reach higher altitudes. The 
spectrum of the waves generated in response 
to the irregular topographical features is ex- 
pected to be a function of the flow conditions 
and topographical properties. 

Overall, the global circulation pattern de- 
tected by MAVEN appears simpler and more 
stable over martian seasons than predicted 
by models of Earth [e.g., (27)]. The persistence 
of this global pattern over changing seasons 
indicates the stability of the martian climate 
on seasonal time scales. By contrast, the ob- 
served high variability of the winds on a time 
scale of hours is consistent with the observed 
short-term fluctuations and extensive structures 
of thermospheric densities and temperatures 
(28-30). This short-term variability of the 
neutral flows reflects the high sensitivity of 
the thermosphere to small changes in the 
underlying or overlying sources of forcing 
(e.g., gravity waves, pressure changes in the 
lower atmosphere, solar and magnetospheric 
forcing, etc.). The mapped flow patterns con- 
tain no circulation cells at high latitudes (>60°) 
like those observed at Earth (37). This is most 
likely due to the lack of a strong dipolar in- 
trinsic magnetic field at Mars. Polar circulation 
cells are the signatures of strong momentum 
transfer from convecting ions along magnetic 
field lines with the neutral gas of the upper 
atmosphere (32). At Earth, this process pro- 
vides a pathway for energy transfer from the 
magnetosphere to the thermosphere, espe- 
cially during geomagnetic disturbances (33). 
The absence of this pathway at Mars most 
likely prevents the thermosphere from ex- 
periencing heating and upwelling at high 
latitudes from particle precipitation and col- 
lisions between ions and neutrals, limiting 
atmospheric escape. 

Our observations constrain the current state 
of Mars’ upper-atmosphere dynamics. The ob- 
served global thermospheric circulation must 
be consistent with the seasonal patterns of the 
underlying density and temperature structure 
as well as the short-term (time scale of hours) 
variations of this underlying structure. The 
latter may be driven by surface topography 
and the resulting lower- to upper-atmosphere 
coupling by means of waves. 
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Why whales are big but not bigger: Physiological 
drivers and ecological limits in the age of 


ocean giants 
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The largest animals are marine filter feeders, but the underlying mechanism of their large size remains 
unexplained. We measured feeding performance and prey quality to demonstrate how whale gigantism 
is driven by the interplay of prey abundance and harvesting mechanisms that increase prey capture 
rates and energy intake. The foraging efficiency of toothed whales that feed on single prey is constrained 
by the abundance of large prey, whereas filter-feeding baleen whales seasonally exploit vast swarms 
of small prey at high efficiencies. Given temporally and spatially aggregated prey, filter feeding provides 
an evolutionary pathway to extremes in body size that are not available to lineages that must feed 

on one prey at a time. Maximum size in filter feeders is likely constrained by prey availability across 


space and time. 


arge body size can improve metabolic 

and locomotor efficiency. In the oceans, 

extremely large body size evolved mul- 

tiple times, especially among edentulous 

filter feeders that exploit dense patches 
of small-bodied prey (J, 2). All of these filter 
feeders had smaller, toothed ancestors that 
targeted much larger, single prey (3, 4). The 
ocean has hosted the rise and fall of giant 
tetrapods since the Triassic, but the largest 
known animals persist in today’s oceans, com- 
prising multiple cetacean lineages (5-8). The 
evolution of specialized foraging mechanisms 
that distinguish the two major whale clades— 
biosonar-guided foraging on individual prey 
in toothed whales (Odontoceti) and engulf- 
ment filter feeding on prey aggregations in 
baleen whales (Mysticeti)—likely led to the di- 
versification of crown cetaceans during the 
Oligocene (~33 to 23 million years ago). The 
origin of these foraging mechanisms preceded 
the recent evolution of the largest body sizes 
(9, 10), and the diversification of these mech- 
anisms across this body size spectrum was 
likely enhanced by scale-dependent predator- 
prey processes (J/). It is hypothesized that 
toothed whales evolved larger body sizes to 
enhance diving capacity and exploit deep- 


sea prey using more powerful biosonar (72), 
whereas baleen whales evolved larger sizes 
for more efficient exploitation of abundant, 
but patchily distributed, small-bodied prey 
(73). Cetacean foraging performance is con- 
strained by diving physiology because ceta- 
ceans must balance two spatially decoupled 
resources: oxygen at the sea surface and higher- 
quality food at depth (74). In both lineages, large 
body size confers an ecological benefit that 
arises from the scaling of fundamental physi- 
ological processes; in some species, anatomical, 
molecular, and biochemical adaptations fur- 
ther enhance diving capacity (73). As animal 
size increases, mass-specific oxygen storage is 
constant yet mass-specific oxygen usage de- 
creases (13). Therefore, larger air-breathers 
should have greater diving capacity and thus 
be capable of feeding for longer periods at a 
given depth, leading to higher feeding rates 
overall. In theory, this leads to relatively greater 
dive-specific energy intake with increasing body 
size; and, with unlimited prey at the scale of 
foraging grounds and seasons, larger divers 
will also exhibit greater energetic efficiencies 
(ie., energy intake relative to energy use) while 
foraging. We hypothesized that the energetic 
efficiency of foraging will increase with body 


size because larger animals will have greater 
diving capacities and more opportunities to 
feed more frequently per dive. Filter-feeding 
baleen whales will exhibit relatively higher ef- 
ficiencies compared with single-prey-feeding 
toothed whales, because they can exploit greater 
biomass at lower trophic levels. This study uses 
whale-borne tag data to provide a comparative 
test of these fundamental predictions. 

Our direct measures of foraging perform- 
ance using multisensor tags (Fig. 1) show that 
the largest odontocetes, such as sperm whales 
(Physeter macrocephalus) and beaked whales 
(Ziphiidae), exhibited high feeding rates dur- 
ing long, deep dives (Fig. 2). By investing time 
and energy in prolonged dives, these whales 
accessed deeper habitats that contained less 
mobile and potentially more abundant prey 
(15), such as weakly muscularized, ammoni- 
acal squid. Conversely, rorqual whales per- 
formed fewer feeding events per dive despite 
their large body size, because they invested 
large amounts of energy to engulf larger vol- 
umes of prey-laden water (16). The energetic 
efficiency (Eg, defined as the energy from cap- 
tured prey divided by the expended energy, 
including diving costs and postdive recovery) 
is determined largely by the number of feed- 
ing events per dive (Fig. 2) and the amount of 
energy obtained during each feeding event 
(Fig. 3). This amount of energy obtained per 
feeding event was calculated from prey type 
and size distributions historically found in 
the stomachs of odontocetes (except for killer 
whales, for which we used identified prey re- 
mains from visually confirmed prey capture 
events), as well as the acoustically measured 
biomass, density, and distribution of krill at 
rorqual foraging hotspots (77). Our results 
show that although larger odontocetes appear 
to feed on larger prey relative to the prey of 
smaller, toothed whales, these prey were not 
disproportionally larger (Fig. 3 and table S11), 
and toothed whales did feed more frequently 
on this smaller prey type. Thus, the energy 
obtained from prey in a dive did not outweigh 
the increased costs associated with larger body 
size and deeper dives (fig. S2), thereby causing 
a decrease in EF, with increasing body size in 
odontocetes (Fig. 4). In contrast, the measured 
distribution and density of krill biomass sug- 
gests that larger rorquals are not prey-limited 
at the scale of individual dives. Because larger 
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Fig. 1. Whale tag data quan- 
tifies foraging performance. 
(A) Blue whale suction-cup 
tagging using a rigid-hulled 
inflatable boat and a carbon 
fiber pole (upper left). Tag 
data from a blue whale 
showing 12 consecutive 
foraging dives and the number 
of lunge-feeding events per 
dive (left). Inset (right) shows 
the kinematic signatures 


2 = 
used to detect lunge-feeding id ‘2 
events (with an increase in g | H 
speed and upward movement 5 | | f | ef l | I | 7 as = a 
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neous video frames that pore ine Local Time 
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closure during the filter a a so eos 
phase]. (Bottom) Example of 240 os 
time-synchronized dive profile _ 
and the estimated biomass as 13:30 13:40 14:00 14:10 sv Biomass 


Local Time 


a function of depth (17), grid 
lines are 147 m by 40 m. Prey 
mapping data were used to 
estimate the distribution of 
krill densities targeted by 
tagged whales. (B) Sperm 
whale suction-cup tagging 
(upper left) and six foraging 


dives with feeding events = 300 i | | ; ; mi 
(thicker lines denote 5s L | | f } 17:30 17:36 17:42 nee mine 18:00 18:06 18:12 18:18 
echolocation activity). Middle A cal 4 7 a 1 
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cephalopod beaks (single large Local Time Time from prey capture 


beak, Mesonychoteuthis 
hamiltoni; many small beaks, 
Gonatus fabricii) found in the 
stomachs of sperm whales 
(lower left) that were used to 
estimate the size distributions 
of captured prey (sperm 
whale tooth and 10 cm line are 
also shown for scale, photo 
by Per Henriksen). Illustrations 
by Alex Boersma. 
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Fig. 2. Number of feeding events per foraging dive. Beaked whales (Ziphiidae) and some sperm whales (P. macrocephalus) exhibit high feeding rates during long, 
deep dives, whereas rorquals and delphinids feed less frequently during shorter, shallower dives. Balaenids were excluded from this analysis because they are 
continuous-ram filter feeders and do not exhibit discrete feeding events like rorquals and odontocetes. 


rorquals have relatively larger engulfment ca- 
pacities (16), rorquals exhibited much more 
rapid increases in energy captured from prey 
with increasing body size (Fig. 3). If they can 
detect and exploit the densest parts of an 
individual krill patch, as evidenced by their 
ability to maneuver more and increase feeding 
rates per dive when krill density is higher (74), 
then FE; should increase with body size (Fig. 4). 
These results were robust to assumptions about 
trait similarity from shared ancestry as well as 
the scaling of metabolic rate (MR), which we 
simulated over a wide range as (MR oc Mc, 
where Mc is cetacean body mass). 

The divergence in energetic scaling between 
rorquals and odontocetes that results from 
available prey has major implications for un- 
derstanding the ecology and evolution of 
gigantism in marine ecosystems. For toothed 
whales, increasing body size leads to hyper- 
allometric investment in biosonar structures 
that increase prey detection range (12). The 
largest living toothed whales today, sperm 
whales and beaked whales, independently 
evolved large body size to push their physio- 
logical limits for dive duration to spend more 
time feeding in the deep sea. The mesopelagic 
and bathypelagic realms are not only among 
the largest ecosystems on the planet, they also 
provide less competitive niches with fewer 
endothermic predators, providing opportunities 
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to capture high-value prey (78). Although sperm 
whales foraging on giant squids (Architeuthidae) 
persists as an iconic motif, giant squid beaks 
are rare in sperm whale stomachs at a global 
scale (19). However, sperm whale biosonar, 
owing to a hypertrophied nasal complex, is 
more powerful than beaked whale biosonar 
by approximately two orders of magnitude 
(12). This allows sperm whales to scan larger 
volumes of water and, in some regions, to 
find and chase very large prey. Sperm whales 
have higher attack speeds and reduced feed- 
ing rates per dive when foraging on giant squid 
(20), which contrasts with how sperm whales 
feed with slower speeds and higher feeding 
rates on smaller squid in other regions (2/7). 
This discrepancy suggests that larger prey will 
incur greater foraging costs, which partially 
offset the increased energetic gain. Smaller 
prey are usually more abundant than larger 
prey (22), so efforts to optimize foraging effi- 
ciency require the ability to detect the distribu- 
tion of prey size, which favors the evolution of 
powerful sonar. Both beaked whales and many 
sperm whales in our study may have adopted a 
less risky strategy by targeting more reliable 
patches of cephalopods often at depths greater 
than 1000 m, thereby yielding up to 50 feeding 
events per dive (Fig. 2). Nevertheless, the abil- 
ity of sperm whales to forage on the largest 
squid, when available, highlights an advan- 
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tage of their large size compared with beaked 
whales, which feed on smaller prey. Regard- 
less of whether odontocetes target a few large 
prey or many small prey in individual dives, the 
energy gained from these deep-sea resources is 
ultimately constrained by the total amount of 
prey biomass that can be captured during a 
breath-hold dive. Therefore, prey availability 
is a key ecological factor that constrains body 
size and population density in these lineages. 

By contrast, gigantism in mysticetes is ad- 
vantageous because they exhibit positive allom- 
etry in filter-feeding adaptations that enable 
bulk consumption of dense prey patches (16). 
For the largest rorquals, each lunge captured 
a patch of krill with an integrated biomass and 
energetic content that exceeded, on average, 
those of the largest toothed whale prey by at 
least one order of magnitude (Fig. 3). This abil- 
ity to process large volumes of prey-laden water, 
calculated as 100 to 160% of the whale’s own 
body volume in the largest rorquals, underlies 
the high energetic efficiency of foraging, even 
when accounting for differences in body size 
(fig. SI). During lunge feeding, water and prey 
are engulfed in a matter of seconds and at 
speeds several times those of steady swimming 
(16). However, whales in a separate mysticete 
clade (Balaenidae), represented by bowhead 
whales (Balaena mysticetus) and right whales 
(Eubalaena spp.), do not feed in discrete events 
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X represents cetacean body mass), whereas larger rorquals capture disproportionally 


and do not exhibit discrete feeding events like rorquals and odontocetes. 


but rather continuously ram prey-laden water 
through their baleen for up to several minutes 
at a time (23). The speed-dependent drag asso- 
ciated with continuous-ram filtration neces- 
sitates slow swimming speeds to minimize 
energy expenditure (23). This strategy may 
be optimized for foraging on smaller copepods 
that form less dense patches, thereby resulting 
in lower energetic efficiencies relative to sim- 
ilarly sized rorquals (Fig. 4). The high-speed 
dynamics of rorqual lunge feeding also gener- 
ate high drag (16), but the rapid engulfment of 
dense krill patches yields higher efficiencies. 
Both continuous-ram filter-feeding and lunge- 
feeding mysticetes appeared to have indepen- 
dently evolved gigantism (>12 m body length) 
during an era of intensified wind-driven up- 
welling and glacial cycles, processes that char- 
acterize productive whale foraging hotspots in 
the modern oceans (9). Coastal upwelling in- 
tensity increases the number and density of 
aggregations of the relatively small-bodied 
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forage species (24) that make filter feeding 
energetically efficient (74). Our analyses point 
to filter feeding as a mechanism that explains 
the evolutionary pathway to gigantism because 
it enabled the high-efficiency exploitation of 
large, dense patches of prey. 

The largest comparable vertebrates, sauropod 
dinosaurs, reached their maximum size on land 
about midway through their 140-million-year 
history, and their evolutionary patterns show 
no real limits to extreme size (25). If sauro- 
pod size was not limited by physical factors, 
such as gravity, hemodynamics, and bone 
mechanics (26), then it may have been ulti- 
mately constrained by energetics and food 
availability (27) rather than by an ability to 
access available food. In the marine environ- 
ment, the combination of filter feeding and 
greater abundance of food likely facilitated the 
evolution of not only gigantic filter-feeding 
whales, but also that of several independent 
lineages of large filter-feeding elasmobranchs 
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(3, 6). Both filter-feeding sharks and meso- 
thermic single-prey-feeding sharks exhibit 
greater body size compared with single-prey- 
feeding ectothermic sharks (3), suggesting par- 
allel evolutionary trajectories with cetaceans 
in terms of gigantism and morphological ad- 
aptations that increase foraging capacity and 
net energy intake (4). The largest filter-feeding 
sharks are larger than mesothermic raptorial- 
feeding sharks, which may reflect either a lack 
of large prey as a limiting factor in today’s oceans 
or an additional temperature-dependent meta- 
bolic constraint. Similarly, the larger size of 
baleen whales compared with filter-feeding 
sharks suggests an overall advantage for ani- 
mals that exhibit both endothermy and filter- 
feeding adaptations, particularly in cold, 
productive habitats. The combination of high 
metabolic rates and the ability to short-circuit 
the food web with filter-feeding adaptations 
may have enabled high-efficiency exploitation 
of low trophic levels (28), thereby facilitating 
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Fig. 4. Scaling of energetic efficiency for foraging dives and corresponding 
surface intervals. The energetic efficiency (E¢, defined as the energy from 
captured prey divided by the expended energy, including diving costs and postdive 
recovery) of foraging decreases in toothed whales (blue) but increases in rorqual 
whales lunge filter feeding on krill (red). Bowhead whales and right whales, which 
continuous-ram filter feed on copepods (green), exhibit lower energetic efficiencies 
compared with rorqual whales of similar size. These scaling relationships (table S11) 


are robust to assumptions about metabolic rate (plus 


the evolution of large body size in multiple 
lineages. 

We have shown that cetacean gigantism 
is driven by the hyperallometry of structures 
that increase prey capture rates and energy 
intake in clades with divergent feeding mech- 
anisms, despite the potential constraints to 
size. However, to maintain a high energetic 
efficiency at larger sizes, cetaceans must ex- 
ploit either large individual prey or dense 
patches of small prey. Although the lack of 
large prey and the increasing costs of captur- 
ing such prey limits energetic efficiency of the 
largest toothed whales, our analyses suggest 
that large rorquals are not limited by the size 
and density of krill patches at the productive 
apex of their foraging seasons. How long 
these dense krill patches are available during 
the summer feeding season at higher latitudes, 
or throughout the rest of the year (29), may 
ultimately determine the amount of lipid re- 
serves that can be used to fuel ocean basin- 
scale migrations as well as reproductive output 
at lower latitudes (30, 37). The size of the largest 
animals does not seem to be limited by phys- 
iology (5), but rather is limited by prey avail- 
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symbols and dotted line, 


ability and the rate at which that prey can be 
exploited using the foraging mechanisms these 
whales have evolved. 
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Cryo-electron microscopy structures of human 
oligosaccharyltransferase complexes OST-A 
and OST-B 


Ana S. Ramirez*, Julia Kowal*, Kaspar P. Locher+ 


Oligosaccharyltransferase (OST) catalyzes the transfer of a high-mannose glycan onto secretory 
proteins in the endoplasmic reticulum. Mammals express two distinct OST complexes that act in a 
cotranslational (OST-A) or posttranslocational (OST-B) manner. Here, we present high-resolution 
cryo-electron microscopy structures of human OST-A and OST-B. Although they have similar overall 
architectures, structural differences in the catalytic subunits STT3A and STT3B facilitate contacts 

to distinct OST subunits, DC2 in OST-A and MAGTI in OST-B. In OST-A, interactions with TMEM258 and 
STT3A allow ribophorin-I to form a four-helix bundle that can bind to a translating ribosome, whereas 
the equivalent region is disordered in OST-B. We observed an acceptor peptide and dolichylphosphate 
bound to STT3B, but only dolichylphosphate in STT3A, suggesting distinct affinities of the two OST 


complexes for protein substrates. 


-glycosylation is one of the most prev- 

alent posttranslational modifications of 

secretory proteins (J, 2). It is estimated 

that >10% of human proteins carry 

N-glycans (3), which are essential for 
intracellular processes such as protein folding 
and trafficking, and for extracellular recogni- 
tion and signaling (/, 2). The process is in- 
itiated in the endoplasmic reticulum (ER) with 
the transfer of the preassembled, high-mannose 
oligosaccharide GlcNacz-Mang-Glcz from a 
dolichyl-pyrophosphate carrier to asparagine 
residues in the glycosylation sequon Asn-X- 
Thr/Ser (4). This reaction is catalyzed by oligo- 
saccharyltransferase (OST), a multisubunit 
complex located in the ER membrane (J, 2, 5). 
Unlike yeast, human cells contain two distinct 


Fig. 1. Biochemical and cryo-EM A 
studies of the human OST 
complexes. (A) Cryo-EM maps of 
OST-A (left) and OST-B (right) 

are shown and colored according 

to the subunits, as indicated. Inset 
on the right shows the EM density 
for ligands bound to STT3B. 

In this view, DAD1 is located behind 
STT3A and STT3B. Rbl, ribophorin-|; 
Rbll, ribophorin-ll. (B) In vitro 
glycosylation assays with purified 
OST-A and OST-B complexes. 
Fluorescently labeled peptide 
TAMRA-GSGNSTVT was used as 

the acceptor substrate, and farnesyl- 
citronellyl-PP-GlcNAcz or farnesyl- 
citronellyl-PP-GlcNAcsMans, as 

the donor substrate. Glycosylated and 
nonglycosylated peptides (top and 
bottom rows, respectively) were 
separated using SDS-polyacrylamide 
gel electrophoresis Tricine gels. 
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OST complexes, OST-A and OST-B (2), and 
their combined functions result in a glycopro- 
teome roughly 10 larger than that of yeast (6). 
The OST-A and OST-B complexes share six 
subunits (ribophorin-I, ribophorin-II, OST48, 
TMEM258, DAD1, and OST4) (7-9) but feature 
distinct paralogous catalytic subunits, STT3A 
(in OST-A) or STT3B (in OST-B) (10). In addi- 
tion, OST-A contains the adaptor protein DC2, 
which mediates the association with the pro- 
tein translocation channel Sec61 (Z/, 12). When 
bound to translating, membrane-associated 
ribosomes and the translocon-associated pro- 
tein complex, a super-complex is formed that 
couples the synthesis, translocation into the 
ER, and N-glycosylation of secretory proteins 
(1, 12). In contrast, OST-B does not contain 


Rbl 
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OST-B 
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Malectin 


DC2 but instead contains either MAGTI or 
TUSC3 (OST3 or OST6 in yeast, respectively) 
(13, 14), two paralogous redox chaperones. 
These allow OST-B to catalyze posttransloca- 
tional processing of acceptor sites even near 
folded protein elements or formed disulfide 
bridges (14-16). 

High-resolution cryo-electron microscopy 
(cryo-EM) structures of yeast OST have pro- 
vided insight into the architecture of multimeric 
OST systems (12, 17, 18), and a medium- 
resolution cryo-EM structure visualized how 
OST-A associates with the translocon and the 
ribosome. However, the structural basis of the 
distinct functions of human OST-A and OST-B 
requires high-resolution structures of both 
complexes. Whereas bacterial and archaeal 
single-subunit OST enzymes, including PglB 
and AglB, have been visualized in the presence 
of substrates (19-27), no structures of eukary- 
otic OST complexes have been determined in 
substrate-bound states. To tackle these ques- 
tions, we separately purified human OST-A and 
OST-B from human embryonic kidney cells by 
expressing affinity-tagged versions of DC2 (for 
OST-A) or MAGT1 (for OST-B) (fig. S1). The 
purified OST complexes were homogeneous 
and functional, as shown by an in vitro gly- 
cosylation assay using a fluorescently labeled 
peptide and a synthetic, lipid-linked oligosac- 
charide (LLO) analog containing a disaccha- 
ride (GlcNAc,) moiety (Fig. 1). Intriguingly, we 
found that glycan transfer catalyzed by OST-B 
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was faster than that catalyzed by OST-A. Fur- 
thermore, the reactions proceeded more effi- 
ciently when a chemoenzymatically extended 
LLO analog carrying five additional mannoses 
(GleNAc.Mans) (22, 23) was transferred, sug- 
gesting that the mannose units increase the 
affinity of both human OST complexes for 
the LLO. 

Single-particle cryo-EM analysis of the puri- 
fied OST-A and OST-B complexes resulted in 
three-dimensional reconstructions with over- 
all resolutions of 3.5A in both cases (Fig. 1). 
The local resolution of the transmembrane 
(TM) domains and of the central parts of the 
luminal regions was substantially better and 
allowed unambiguous building of atomic mod- 
els (figs. S2 to S5). Despite the low sequence 
similarity between human and yeast OST sub- 
units (between 30 and 50%) (table S1), the 
overall architectures of OST-A and OST-B re- 
semble that of the yeast enzyme (root mean 
square deviation: RMSDosr-ayosr = 2.75 A for 
1660 Co atoms and RMSDosrsyosr = 1.99 A 
for 1730 Ca atoms) (17, 18). Thus, similar sub- 
complexes can be identified: Subcomplex I 
consists of ribophorin-I and TMEM258 and is 
identical in OST-A and OST-B. Subcomplex IT 
is distinct in the two OST versions: In OST-A, 
it consists of OST4, the catalytic STT3A sub- 
unit, and the translocon adaptor protein DC2. 
In OST-B, it features OST4, the catalytic STT3B 
subunit, and the redox chaperone MAGTI (fig. 
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S6). Although Western blots demonstrate that 
full-length MAGTI was present in our OST-B 
preparations (Fig. 2A), the EM map only re- 
vealed clear densities for TM2 to TM4, which 
showed a remarkable structural similarity to 
DC2 (Fig. 2B). Finally, subcomplex III consists 
of DAD1, OST48, and ribophorin-II (fig. S6). 
Human ribophorin-II contains an N-terminal 
extension of ~300 residues compared with its 
yeast homolog SWP1. Whereas this region is 
highly flexible in OST-A, it is visible in the EM 
map of OST-B. This difference is likely attrib- 
utable to interactions with a C-terminal exten- 
sion of STT3B that is absent in STT3A. As a 
consequence of this stabilization, ribophorin-I 
displays two main conformations in OST-B 
(fig. S7 and movie S1). In the TM interfaces 
between the three subcomplexes, we observed 
several ordered phospholipids and digitonin 
molecules. Ordered N-glycans on the surface 
of OST were observed for the catalytic sub- 
units STT3A (N537 and N548) and STT3B 
(N616, N627, and N641), and for ribophorin-I 
(N299) (figs. S8 and S9). 

Various additional proteins have been pro- 
posed to interact with mammalian OST. We 
found strong density consistent with a TM 
helix and a short luminal stretch of malec- 
tin in close proximity to the TM domain 
of TMEM258 and the luminal domain of 
ribophorin-I. Western blot analysis of purified 
OST-A and OST-B complexes revealed a strong 


Ds g-RBI-NT a-RBI-CT 


A B A B 
7H5— 
5 = = a, i anal 
50 — 
37 — 
25 — 
20 — 
15— 
E <T™1 
oO TMEM258 
TM2 +> 
TMEM258 « 
CT- RBI 


CD) 


ie 


13 December 2019 


signal for full-length malectin in OST-B but a 
lower signal in OST-A preparations, suggest- 
ing that malectin is bound in substoichio- 
metric amounts in OST-A (fig. S10). Although 
malectin was proposed to have a role in qual- 
ity control during the folding of glycoproteins, 
its precise molecular mechanism remains to 
be clarified (24). The observation that malec- 
tin is bound and partially ordered illustrates 
that human OST complexes can serve as 
platforms for interactions that help modulate 
protein N-linked glycosylation by controlling 
attached glycans and the status of glycopro- 
tein folding. 

The pronounced similarity between human 
OST-A and OST-B (RMSD: 0.96 A for 1715 Ca 
atoms) suggests that subtle structural differ- 
ences are responsible for their specific sub- 
unit interactions and their distinct cellular 
functions. We noted two key differences: First, 
despite the similar arrangement of transmem- 
brane helices TM10-13, there are differences in 
the protein surfaces where STT3A and STT3B 
interact with DC2 or MAGTI (Fig. 2B). A de- 
tailed analysis revealed that MAGTI could not 
associate with STT3A, nor could DC2 associate 
with STT3B, owing to steric clashes (fig. S11). 
As a consequence, only OST-A can interact with 
the translocon. The second structural difference 
is that, even in the absence of bound ribo- 
some, the C-terminal domain of ribophorin-I 
forms a cytoplasmic four-helix bundle in OST-A. 


Fig. 2. Interaction of STT3 paralogs with 
their neighbor subunits. (A) Western 

blot analysis of purified OST-A and OST-B 
using anti-Flag antibody to detect Flag-tagged 
DC2 and MAGT1. (B) Cytosolic view onto 

the TM regions of STT3A and DC2 (left) and 
STT3B and MAGTI (right). (C) Structural 
arrangement of ribophorin-l, TMEM258, and 
STT3 in OST-A (top) and OST-B (bottom). 
Insets show closed-up views of the interaction 
between ribophorin-| and TMEM258. The 
residues involved in contacts are shown 

as sticks and labeled with single-letter amino 
acid abbreviations (E, Glu; K, Lys; Y, Tyr). 
EM density is shown as a gray mesh (map 
levels: 4.06, as defined by PyMOL). Subunits 
are colored as in Fig. 1. CT, C-terminal 
region; NT, N-terminal region; aa, amino 
acids. (D) Western blot analysis of purified 
OST-A and OST-B using antibodies against the 
N- or C-terminal regions of ribophorin- 
(RBI). (E) Cytoplasmic view onto the 
superimposed structures of OST-A (red) 
and OST-B (blue), focusing on the TM 
helices of ribophorin-l, TMEM258, and TM1 
of the STT3 subunits. 
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Fig. 3. Active site of human OST. (A) Structure of STT3B shown in cartoon representation 

[EL5, orange; transmembrane helix 9 (TM9), light blue]. Close-up of binding sites for bound peptide 
(left inset) and DolP (right inset). Bound peptide is shown as yellow sticks. Residues interacting with 
+2 position (WWD motif) are shown as sticks and labeled. DolP is shown as sticks with carbon atoms 
colored blue, and the divalent metal ion is shown as a pink sphere. The EM density covering 

bound substrates is shown as a mesh and colored according to substrate color (map level: 5.06, as 
defined by PyMOL). (B) Close-up of active site of STT3B. Residues presumably involved in catalysis 
are shown as sticks and labeled (D, Asp; N, Asn; R, Arg). Bound peptide is shown as cartoon, and 
the acceptor asparagine as sticks. Divalent ion is shown as a pink sphere. (C) Electrostatic surface 
potential of the LLO binding site, color coded by electrostatic potential ranging from blue (most positive) 
to red (most negative). DoIP is shown as in (A). (D) LLO binding site, as viewed from the ER lumen. 
STT3B residues interacting with the phosphate group of DoIP are shown as sticks, colored as in (A) 
and labeled (W, Trp). A superposition of STT3A (gray) with bound DolP is shown. 


This bundle was found to be in contact with 
translating ribosome in a recent tomography 
study (12). In contrast, no such feature was 
visible in the EM of OST-B (Fig. 2C). To rule 
out that a truncation of ribophorin-I had oc- 
curred in our OST-B preparation, we con- 
ducted Western blot analysis using antibodies 
recognizing the C- or N-terminal regions of 
ribophorin-I. This analysis revealed that full- 
length ribophorin-I was present in both OST 
complexes (Fig. 2D), suggesting that the 
C-terminal region of ribophorin-I is disordered 
in OST-B. Our high-resolution structures pro- 
vide an explanation for this key difference: In 
OST-A, the first helix of the C-terminal region 
of ribophorin-I interacts with the cytoplasmic 
loop connecting TM1 and TM2 of TMEM258. 
Specifically, Glu*” of ribophorin-I forms a 
hydrogen bond with the side chain of Tyr“? of 
TMEM258, which is simultaneously involved 
in a cation-n interaction with its neighbor- 
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ing residue Lys*® (Fig. 2C). In contrast, such 
an interaction is absent in OST-B, where 
TM1 of STT3B and TM2 of TMEM258 are 
tilted compared with their position in OST-A 
(Fig. 2E). Furthermore, the cytoplasmic N- 
terminal segment of STT3B is 56 residues 
longer than that of STT3A. Given that this 
region is in the immediate vicinity of the C- 
terminal region of ribophorin-I, it is more 
likely than the shorter segment of STT3A to 
interfere with the folding of the four-helix 
bundle (Fig. 2C). 

The catalytic subunits STT3A and STT3B 
form similar active sites. Previously reported 
structures of yeast OST were visualized in apo 
states (17, 18), but we observed well-defined 
density for two ligands bound to STT3B (Fig. 
3A and fig. $12). Furthermore, whereas TM9 
and external loop EL5 (connecting TM9 and 
TM10) were disordered in the yeast apo-OST 
structures, both adopted an “engaged” confor- 
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mation in human OST-B, reminiscent of the 
conformational changes observed in bacte- 
rial PglB upon binding to substrates (19, 21). 
It is of interest that, with the exception of 
divalent metal ions present in the purifi- 
cation buffers, no cofactors, substrates, or 
substrate analogs were added to our OST-B 
preparations. The bound substrate analogs 
had thus been retained from the native cel- 
lular environment during purification, which 
suggests relatively high affinities. The den- 
sity in the peptide-binding pocket could be 
interpreted as an average of polypeptides 
containing an N-glycosylation sequon. As 
was observed in PglB, the polypeptide back- 
bone formed a 180° turn (Figs. 1A and 3A), 
suggesting that only unfolded polypeptide re- 
gions can be processed by OST-B. The side 
chain of the +2 threonine is in close proximity 
to the conserved WWD motif, which has been 
demonstrated to be essential for sequon recog- 
nition (25). The side chain of the acceptor 
asparagine is located in a tunnel formed by 
the packing of EL5 against the ER-luminal do- 
main of STT3B and is in close proximity to the 
catalytic Asp’ residue and the side chain of 
Asn°?, which is part of the conserved DNNT 
loop (Fig. 3B) (19, 21, 26). We further observed 
density consistent with a bound divalent metal 
ion in the active site (Fig. 3A) in the vicinity of 
conserved, negatively charged side chains in- 
cluding Asp’, as well as residues Asp'®” and 
Glu’? of the DxE motif (19, 21, 25). 

A hydrophobic groove formed by TM6 and 
TM11 is present on the surface of STT3B (Fig. 
3C), similar to grooves observed in PglB and 
the apo structures of yeast OST (17-19, 25). In 
human OST-B, this groove contained well- 
defined density of a bound molecule featuring 
the characteristic shape of a polyprenyl chain, 
as well as strong density for a phosphate group 
in contact with the divalent ion and a con- 
served arginine side chain (Are**’), However, 
no density was visible for a second phosphate 
group or for ordered glycans, ruling out the 
possibility that a functional LLO, containing a 
pyrophosphate group and a glycan, was bound. 
We therefore interpreted the observed density 
as a bound dolichylphosphate (DolP) molecule. 
Although surprising, DolP was recently shown 
to copurify with the ER-localized O-mannosyl- 
transferase complex PMT1-PMT2 (27). In our 
OST-B structure, the phosphate group of bound 
DolP forms hydrogen bonds with Arg*”®, Are?*?, 
and Trp? of the STT3B subunit (Fig. 3D). 
Are*°® is a conserved residue in OST enzymes 
that appears to stabilize the leaving group 
DolPP during the nucleophilic substitution 
reaction (25). We found that the guanidi- 
nium group of Arg*’® was within hydrogen 
bonding distance of Glu*”’, a catalytic residue 
located within EL5, and shown to be essential 
for activity both in bacterial PglB and yeast 
OST (7, 28). 
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In contrast to OST-B, no density for a bound 
peptide was observed in OST-A. However, den- 
sity for a bound DolP molecule was clearly 
visible in the LLO-binding groove. The inter- 
actions of bound DolP with STT3A are very 
similar to those observed in STT3B, suggesting 
a conserved mechanism for LLO recognition 
in both complexes (Fig. 3D). Despite the ab- 
sence of bound peptide, EL5 of STT3A was 
fully ordered and adopted a similar conforma- 
tion as in STT3B (fig. S12), demonstrating that 
DolP binding is sufficient for EL5 to adopt an 
engaged conformation. This is notably differ- 
ent than in bacterial PglB, where an equivalent 
conformational change requires the binding 
of both LLO and acceptor peptide (19, 27). The 
absence of bound peptide in our OST-A struc- 
ture suggests that OST-B has a higher affinity 
for acceptor peptides. 

Our structural observations correlate well 
with the distinct cellular functions of OST-A 
and OST-B: OST-A is responsible for process- 
ing of most of the N-glycosylation sites. Given 
its proximity to the translocon, OST-A is ex- 
posed to the unfolded polypeptide sequences 
of all secretory proteins and therefore able to 
process even suboptimal sequons (29). In con- 
trast, OST-B processes proteins that are al- 
ready partially folded and may even contain 
disulfide bridges. This requires OST-B to have 
substantially stronger affinity for glycosylation 
sequons than does OST-A, which is in line with 
our structural observation that copurified pep- 
tides were bound to the OST-B complex. Our 
finding that purified OST-A had a lower in vitro 
activity than OST-B is both intriguing and 
counterintuitive. The challenge of OST-A is 
to keep up with protein translation and trans- 
location and prevent the protein folding in the 
ER that removes target glycosylation sites. 
One would thus expect OST-A to be a faster 
enzyme than OST-B. Given that the opposite 
is observed in vitro, it is possible that, in the 
cell, interactions with the translocon and the 
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translating ribosome may stimulate OST-A and 
thus increase its catalytic rate, either through 
altered protein dynamics or by inducing con- 
formational changes. 

Our OST-A and OST-B structures provide 
insight into substrate binding of eukaryotic 
OST complexes and establish that the distinct 
functions of the two human complexes are 
based on structural differences of their cata- 
lytic subunits STT3A and STT3B, which result 
in interactions with distinct subunits and dif- 
ferent affinities for acceptor peptides. These 
structures provide a basis for the design of 
inhibitors of N-glycosylation that modulate the 
maturation and activation of protein markers 
involved in tumor formation (30). 
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High strength in combination with high toughness in 
robust and sustainable polymeric materials 


Xiaojian Liao’, Martin Dulle, Juliana Martins de Souza e Silva’, Ralf B. Wehrspohn*“, 
Seema Agarwal!, Stephan Forster?°, Haoging Hou®, Paul Smith’, Andreas Greiner™* 


In materials science, there is an intrinsic conflict between high strength and high toughness, 
which can be resolved for different materials only through the use of innovative design principles. 
Advanced materials must be highly resistant to both deformation and fracture. We overcome this 
conflict in man-made polymer fibers and show multifibrillar polyacrylonitrile yarn with a toughness 


of 137 + 21 joules per gram in combination with a tensile strength of 1236 + 40 megapascals. 

The nearly perfect uniaxial orientation of the fibrils, annealing under tension in the presence of 
linking molecules, is essential for the yarn’s notable mechanical properties. This underlying principle 
can be used to create similar strong and tough fibers from other commodity polymers in the future 
and can be used in a variety of applications in areas such as biomedicine, satellite technology, 


textiles, aircrafts, and automobiles. 


ynthetic materials with a combination 
of high strength and high toughness are 
rare and represent an important tech- 
nological challenge (7). Engineered metal 
alloys (2), metallic glass composites (3), 
nanocellulose paper (4), glass (5), and carbon- 
based materials (6-9) are some examples of 
materials with this property combination. High 
resistance to both deformation (high strength) 
and fracture (high toughness) is achieved in 
man-made single-polymer nanofibers of very 
small diameter by electrospinning (10-14). 
However, these single nanofibers are not robust 
enough for handling for real-world applications. 
Natural fibers, like dragline spider silks (5, 16) 
and recombinant spider silks (17), achieve the 


combination of high strength and high tough- 
ness as well, but their applicability is restricted 
by either low availability or high prices for 
various applications. 

We discovered a straightforward concept for 
combination of high strength and high tough- 
ness through the preparation of polymeric 
fibers by yarn electrospinning, which creates 
fibers consisting of thousands of aligned nano- 
fibrils in combination with a specified amount 
of a linker molecule. Simple alignment of the 
nanofibrils in electrospun yarns in combina- 
tion with a high degree of crystallization does 
not result in high toughness in conjunction 
with high strength. Rather, this combination 
is achievable through the addition of a small 


amount of an interconnecting molecule dur- 
ing yarn electrospinning and annealing after 
the heat stretching of the nanofibrils. 

We fabricated the high-strength and high- 
toughness polymer yarns in three steps (fig. S1). 
First, continuous yarns were obtained by yarn 
electrospinning a solution of commercial poly- 
acrylonitrile (PAN) {Dolan, copolymer with 
4.18 mole % [6.35 weight % (wt %)] methyl 
acrylate according to our ‘H-NMR (proton 
nuclear magnetic resonance) analysis, number 
average molar mass (M,) = 120,000; molar 
mass dispersity (P) = 2.79} and different 
amounts of the bifunctional poly(ethylene 
glycol) bisazide (PEG-BA) as an interconnect- 
ing molecule. Azides were applied in “click” 
reactions (18). These yarns were then stretched 
at 160°C in air. The stretched yarns were fur- 
ther annealed at 120° 130°, and 140°C under 
tension for several hours, which finally re- 
sulted in high-strength and high-toughness 
yarns, depending on the applied conditions 
and the composition of PAN and PEG-BA (we 
tested amounts ranging from 0 to 6 wt % of 
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Fig. 1. Photographs and scanning electron microscopy (SEM) images of the yarns. (A) Photograph of continuous as-spun yarns. (B) SEM image of the long 
axis of the as-spun yarns. (©) SEM image of a cross-section of the as-spun yarns. (D) Photograph of stretched yarns. (E) SEM image of the long axis of stretched 
(at SR 8 at 160°C) and annealed (130°C for 4 hours) yarns (EASY). (F) SEM image of a cross-section of the stretched (at SR 8 at 160°C) and annealed (130°C 
for 4 hours) yarns (EASY). The scale bars in the photographs of the as-spun yarns (A) and stretched yarns (D) are 20 mm. 
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PEG-BA relative to PAN). The electrospun, 
stretched, and annealed yarns are hereafter 
abbreviated as EASYs; the yarns processed 
with PEG-BA are abbreviated as i-EASYs. 

In a model study for the systematic under- 
standing of the effect of stretching with com- 
mercial PAN without PEG-BA, we found that 
as-spun yarns had an average diameter of 130 + 
12 um and consisted of ~3000 nonoriented 
individual fibrils with 1.17 + 0.12 um diameter 
(Fig. 1, A to C, and fig. S2, A and B). Heat 
stretching of the yarns for several minutes 
resulted in their manifold elongation accom- 
panied by a change in the macroscopic ap- 
pearance (Fig. 1D) and the alignment of the 
fibrils in the yarns (Fig. 1E). Stretching needed 
to be conducted above the glass transition 
temperature (7,) of PAN (7; = 103°C according 
to our differential scanning calorimetry mea- 
surement) but below the onset of oxidation at 
180°C (19). We investigated yarns with differ- 
ent stretch ratios (SRs) ranging from 1 to 9 
(where SR is the length of stretched yarn di- 
vided by the length of as-spun yarn, and a SR 
of 1 is unstretched) at stretch temperatures of 
130° and 160°C and determined the align- 
ment factor. The alignment factor [orienta- 
tion of the fibrils of the yarn, with values 
ranging from 0 for an isotropic orientation to 
100% for a perfect alignment (20)] increased 
from ~46.0% (at SR 1) to 99.6% at SR 9 and 
stretch temperature 160°C (fig. S3A). The 
orientation of the fibrils can also be seen in 
the three-dimensional (3D) x-ray images of the 
yarn samples (fig. S4 and movies S1 and S82). 
The tortuosity estimation, calculated using the 
3D images, is equal to 1.00 for stretched yarns 
(at SR 8 at 160°C) and agrees well with the 
uniform orientation of the fibrils. The stretch- 
ing of yarns naturally caused a reduction of 
their diameter, from 130 + 12 um (unstretched 
yarns) to 50 + 3.3 um (at SR 5 at 130°C) and 
36 + 1.3 um (at SR 9 at 160°C) (fig. S2, C and D). 
Simultaneously, the diameters of the fibrils 
reduced from 1.17 + 0.12 um to 0.57 + 0.01 um 
and to 0.37 + 0.07 um at 130° and 160°C, re- 
spectively (Fig. 1F and fig. S3B). The reduction 
in diameter of the yarns after stretching can be 
explained by the untwisting and alignment of 
the fibrils. Stretching also reduced the linear 
densities of the yarns, which changed from 
3.74 + 0.14 tex [mass of fiber (g)/1000 m] in the 
as-spun yarns to 0.39 + 0.04 tex at SR 9 at 160° 
C (fig. S3C). After heat stretching, annealing 
under tension (about 15 to 20 cN) was applied 
to achieve high toughness and high strength 
of the yarns. This annealing step (130°C for 
4 hours in air) did not result in any further 
changes in the diameters of the yarns (EASY) 
or of the fibrils (fig. S3D). 

The results of the model studies were trans- 
ferred to yarns composed of PAN and the in- 
terconnecting molecule PEG-BA. Bisazides were 
reported to undergo the [2+3] click azide cyclo- 


Liao et al., Science 366, 1376-1379 (2019) 


addition reaction (8) with the acrylonitrile 
groups of PAN, which could either favorably 
lead to bridging between the fibrils in the 
yarns or cause reaction with PAN in the bulk 
of the yarns. PEG-BA contents in yarns in the 
range from 0 to 4 wt % had no significant ef- 
fect on the diameter of stretched and annealed 
yarns (fig. S3D). To analyze the effect of PEG- 
BA on the mechanical properties of the yarns, 
the toughness and the specific strength were 
analyzed for stretched yarns with different 
contents of PEG-BA relative to PAN. The max- 
imum stress (fig. S5A) and modulus (fig. S5B) 
increased with the SR, whereas the toughness 
did not linearly increase with the SR (fig. S5C). 
The increase of PEG-BA content decreased the 
maximum stress and modulus slightly (fig. S5, 
D and E). In contrast, the toughness increased 
slightly (fig. SSF). However, the subsequent 
annealing step had a significant effect on the 
toughness of the yarns when PEG-BA was pre- 
sent. An annealing time of 4 hours was found 
to be optimal for the maximum strength, mod- 
ulus, and toughness at an annealing temper- 
ature of 130°C (fig. S5, G to I). Optimum values 
were obtained with 4 wt % PEG-BA, at SR 8 
at 160°C, with subsequent annealing at 130°C 
for 4 hours (Fig. 2 and Fig. 3, A and C). These 
yarns (i-EASY) have a tensile strength of 
1236 + 40 MPa, a modulus of 13.5 + 1.1 GPa, 
and a toughness of 137 + 21 J/g, which are 
similar properties to those of dragline spider 
silk (15, 16). They also have a value for the ten- 
sile modulus of 13.5 GPa, which is close to the 
theoretical limit calculated for atactic crystalline 
PAN fibers (27). For comparison, the strength of 
an aligned, electrospun PAN nonwoven is 110 + 


12 MPa and its toughness is 57 + 3.0 J/g. 
Untreated as-electrospun PAN yarn has a 
strength of 72 + 3.0 MP and its toughness is 
76 + 10 J/g. The linear density of i-EASY was 
only 0.4 + 0.06 tex and it had an alignment 
factor of the fibrils of 99.4%. This yarn, weigh- 
ing 0.008 mg, could lift a total mass of up to 
30 g repeatedly without breaking (movie S3) 
and could even be used to sew a button to a 
shirt (movie $4). After repeatedly lifting 30-g 
weights, the yarn elongated slightly, most like- 
ly because of the elongation at the yielding 
point (strain of ~2.5%). Even after 5000 cycles 
of loading and unloading at a maximum tensile 
strength of 400 MPa, only a negligible change 
in the final tensile strength (~5.3%) and plastic 
deformation (~4.2%) was observed (fig. S6, A 
and B). The plastic deformation occurred mainly 
in the first 10 cycles. Owing to minor structural 
changes after 10 cycles, the energy loss coeffi- 
cient with cycling showed a slight decrease, with 
values in the range of 0.23 to 0.15 (fig. S6C). 
On the basis of our findings, we postulate 
that only the combination of high-fibril orien- 
tation, caused by stretching and annealing in 
the presence of a certain amount of PEG-BA as 
an interlinking molecule, yielded high strength 
and high toughness in combination with high 
crystallinity (Fig. 3, A to C). Clearly, the crys- 
tallinity of the PAN in the yarns is insufficient 
on its own for the achievement of high strength 
in combination with high toughness. Polarized 
Raman spectroscopy confirmed that the heat 
stretching procedure caused the orientation of 
the PAN macromolecules along the yarn’s main 
axis (fig. S7A), with the percentage of aligned 
yarns increasing from 66.1% at no-stretch to 
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Fig. 2. Comparison of different yarns. Stress-versus-strain curves of unannealed and annealed (130°C for 
4 hours) yarns (at SR 8) with O wt % PEG-BA, 4 wt % PEG-BA, and 4 wt % PEG. 
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Fig. 3. Comparison of tensile strength and toughness of stretched and annealed yarns and their 
crystallization during heat stretching. (A) Comparison of stress-strain behavior and toughness of yarns 
(at SR 8 at 160°C, annealed at 130°C for 4 hours) with dragline spider silk and Kevlar [silk and Kevlar 
data are taken from the literature (16, 25)]. A model for the stress/strain behavior of yarns is presented 


beneath the graph. The blue lines represent PAN fibrils, and the black lines denote PEG-BA moieties. 

(B) In situ 2D-WAXS patterns recorded during the stretching process of a single yarn at 160°C. With 
increasing extension, we observe the development of a sharp Debye-Scherrer ring, subsequently followed 
by the development of a sharp (200) reflection, indicating crystal formation and alignment with high- 
orientation orders. (©) Comparison of the toughness (filled columns) and strength at break (open 
columns) of unannealed and annealed yarns with a SR 8 at 160°C. Error bars indicate the standard 


deviation of toughness and strength. 


83.3% at SR 8 (stretched at 160°C). Wide-angle 
x-ray scattering experiments demonstrated that 
heat stretching resulted in a marked increase in 
the crystallinity from ~56.9% (at no stretch) to 
~92.4% (at SR 9; fig. S7B), whereas annealing 
alone did not significantly increase crystallinity 
(fig. S7C). The size of the crystallites increased 
during stretching, from ~3.4 nm (as-spun) to 
~12.9 nm and accompanied the increase in the 
degree of crystallinity (at SR 9; fig. S7D). Ten- 
sional forces during annealing are necessary to 
preserve the high degree of crystalline orienta- 
tion. This is also supported by in situ x-ray 
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diffraction measurements of the crystalline 
orientation during stretching at 160°C (Fig. 
3B). The crystallinity orientational order param- 
eter (22) increased from 0.37 to 0.96 by heat 
stretching, but no significant increase was ob- 
served upon annealing (Fig. 3B and fig. S7, E to 
I). If no tension force was applied, the orienta- 
tion parameters dropped from 0.96 to 0.82 
during annealing because of thermal motion, 
which caused macromolecular relaxation and 
a reduction in the mechanical properties. 

We analyzed the development of the specific 
strength and toughness throughout different 
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steps of preparation, which are: as-spun (green 
star in fig. S8), stretched (purple star in fig. S8), 
and finally annealed (blue oval in fig. S8). The 
strength primarily increased because of the 
stretching, whereas the toughness increased 
because of the annealing after stretching, 
which caused alignment of the fibrils and crys- 
tallization of PAN. 

Too much PEG-BA can have an adverse im- 
pact on fibril resilience. Yarns with 5 wt % and 
6 wt % PEG-BA featured lower strength and 
toughness than those with 4 wt % PEG-BA 
(fig. S5, E and F). Simultaneously, control 
experiments were performed by obtaining yarns 
with PAN and pure PEG (VM, = 1000, 4 wt %) 
(Fig. 2), which show a slight decrease in tensile 
strength (from 858 + 103 MPa to 784 +77 MPa) 
and modulus (from 7.6 + 1.0 GPa to 7.3 + 
1.1 GPa), a big increase in elongation at break 
(from 18.0 + 1.6 % to 27 + 2.5 %), and a slight 
increase in toughness (from 83 + 12.2 J/g to 
89 + 15.0 J/g) after annealing. The yarns con- 
sisting of PAN and PEG (4 wt % but without 
azide groups) have almost the same elonga- 
tion at break as yarns made from PAN and 
PEG-BA (4 wt % with azide groups), but they 
have lower strength. This suggests that the 
flexible oligomer PEG makes the yarns have 
higher elongation at break but lower strength 
than the PEG-BA yarns, due to the missing in- 
teraction between the fibrils. The interaction 
between cyano groups and PEG in the presence 
of azide groups was confirmed by ‘H-NMR, 
*3C-NMR (carbon-13 nuclear magnetic resonance), 
and ATR-FTIR (attenuated total reflectance- 
Fourier transform infrared spectroscopy) spec- 
tra (figs. S9 to S12). A new peak at about 4.2 
parts per million (ppm) in ‘H-NMR and 162 ppm 
in °C-NMR spectra represents the carbon in 
the tetrazole after reaction between nitrile and 
azide groups. Further, a decreased intensity of 
the peak at 2100 cm” represents azide groups 
in the ATR-FTIR spectra, which suggests that 
the nitrile group in the PAN and azide groups 
in the PEG-BA can have a reaction in the yarns 
during the annealing process. i-EASYs are still 
soluble in N,N'-dimethylformamide and do 
not show any increase in molecular weight 
according to gel permeation chromatographic 
analysis, which strongly supports the idea that 
intermolecular cross-linking reactions of PAN 
molecules in the bulk of the fibrils did not oc- 
cur. The most plausible explanation for these 
findings is that the reaction occurs only on the 
surface of the fibrils. Therefore, we postulate 
that under the presented conditions, interfib- 
rillar reactions via PEG-BA are the dominating 
reaction. 

A possible model for understanding the 
mechanical properties of i-EASY is shown in 
Fig. 3A. It highlights a reduction in the fractional- 
free volume after strain-induced crystallization 
and shrinking. As a result, PEG-BA macro- 
molecules in the PAN matrix probably diffuse 
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to the fibril-free surface, which is the optimal 
position for efficient interfibrils reaction. Too 
much PEG-BA may lead to PEG microphases 
that represent defect structures that deterio- 
rate the mechanical properties. Starting from 
pristine yarns, the PAN fibrils in the yarns 
begin to disentangle, resulting in a yield point. 
Beyond the yield point, the PEG-BA moieties 
bridging the PAN fibrils are responsible for 
stress transfer, impeding their ability to slide 
along and over each other. At a critical stress, 
the PEG-BA bridges might rupture, causing 
the yarns to break. This mechanism can be 
illustrated assuming the case of a single craze 
propagating ahead of the crack during stable 
crack growth. Then the local crack driving 
force (23, 24) is ~ JE where, F; is the mod- 
ulus in the fibril direction and E, is the mod- 
ulus perpendicular to the fibrillar direction, 
which can be related to the PEG-BA elastic 
modulus. Thus, increasing F, should result in 
delaying the crack propagation. This mecha- 
nism is also supported by the fact that, at 
higher cross-linking density, the mechanical 
properties worsen. 

To achieve the high strength and high tough- 
ness combination, annealing was required 
in addition to orientation and crystallization. 
Though single-polymer nanofibers could yield 
very high strength and high toughness, the hand- 
ling difficulty of these single nanofibers has 
prevented their use in real-world applications. 
The presented process yields ultrafine electro- 
spun yarns robust enough for practical use, 
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through a combination of thousands of fibrils 
with high alignment and interfibrillar reac- 
tions. We are convinced that ultrafine polymer 
yarns, as we show here, are not restricted to 
the present system. An important precondi- 
tion for other systems is the extensibility of the 
yarn for orientation of the fibrils and reactive 
groups for interlinking of the fibrils. 
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Wafer-scale synthesis of monolayer two-dimensional 
porphyrin polymers for hybrid superlattices 
Yu Zhong", Baorui Cheng’*, Chibeom Park?, Ariana Ray*, Sarah Brown’, Fauzia Mujid’, 


Jae-Ung Lee*®, Hua Zhou®, Joonki Suh’, Kan-Heng Lee*’, Andrew J. Mannix, 
Kibum Kang", S. J. Sibener>?, David A. Muller’, Jiwoong Park?24+ 


The large-scale synthesis of high-quality thin films with extensive tunability derived from molecular 
building blocks will advance the development of artificial solids with designed functionalities. We report 
the synthesis of two-dimensional (2D) porphyrin polymer films with wafer-scale homogeneity in the 
ultimate limit of monolayer thickness by growing films at a sharp pentane/water interface, which allows 
the fabrication of their hybrid superlattices. Laminar assembly polymerization of porphyrin monomers 
could form monolayers of metal-organic frameworks with Cu2* linkers or covalent organic frameworks 
with terephthalaldehyde linkers. Both the lattice structures and optical properties of these 2D films 
were directly controlled by the molecular monomers and polymerization chemistries. The 2D polymers 
were used to fabricate arrays of hybrid superlattices with molybdenum disulfide that could be used 


in electrical capacitors. 


onolayer two-dimensional polymers 

(2DPs), which are one-molecule-thick, 

freestanding films composed of perio- 

dically linked monomers (1-4), offer 

an ideal material system with two key 
advantages. First, their properties can be tuned 
at the molecular level by using different mono- 
mers and polymerization chemistries (5, 6). 
Second, as the molecular analogs of 2D atomic 
crystals [e.g., graphene and transition metal 
dichalcogenides (TMDs)] (7-9), 2DPs can be 
assembled through van der Waals (vdW) inter- 
actions into heterostructures and superlattices, 
layer by layer. vdW heterostructures generated 
from 2D atomic crystals have produced prop- 
erties not observed in individual building 
blocks (10, 11). Adding the chemical tunability 
of the 2DPs to such vdW heterostructures 
will lead to the properties and functionalities 
designed at the molecular level and further 
tuned by the interlayer interactions. How- 
ever, it has remained an unmet challenge to 
scalably synthesize monolayer 2DP films and 
subsequently integrate them with other ma- 
terials with monolayer precision (72, 13). This 
is due to the difficulty of controlling reactions 
in the monolayer limit with large-scale uni- 
formity and to the lack of facile methods for 
the transfer and integration of monolayer 
2DPs because of their fragility. Previous ex- 
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periments have reported progress toward 
large-scale synthesis of 2DPs (14-22) but with 
limited success with regard to wafer-scale 
homogeneity, microscopic characterization of 
crystalline structures, and scalable thin-film 
integration (23). 

Here, we report the wafer-scale synthesis and 
integration of monolayer 2DPs for the fabri- 
cation of their hybrid heterostructures with 
monolayer precision. We developed an inter- 
facial synthesis technique, laminar assembly 
polymerization (LAP), that is compatible with 
various molecular building blocks and two pri- 
mary polymerization chemistries (coordination 
and covalent). This approach incorporated key 
features necessary for scalable and facile pro- 
cessing, including large-area synthesis, ambi- 
ent growth conditions, and compatibility with 
established patterning and integration meth- 
ods. These characteristics enabled the fabrica- 
tion of superlattices based on monolayer 2DPs 
and 2D atomic crystals. 

The design approach for the 2DP mono- 
layers was based on porphyrin building blocks 
(Fig. 1A). These molecules had two variation 
sites: one at the center of the porphyrin ring 
[M = 2H, Fe(III, or Pt(II)] that tuned the 
optical spectra (Fig. 1B) and the other on the 
phenyl groups (R = -COOH or -NH,) that con- 
trolled the monomer-monomer bonds. The 
monomers were cross-linked either through 
coordination bonds via a copper paddle wheel 
structure in the presence of Cu" ions (Fig. 1A, 
left, and fig. S1; R = -COOH) (/4) or through 
covalent bonds via the Schiff base reaction 
in the presence of terephthalaldehyde (TPA) 
(Fig. 1A, right, and fig. S1; R = -NH,) (27). The 
former forms coordination 2DPs (2DP I, -II, 
and -III; M = 2H, Pt”*, or Fe**, respectively), 
also known as monolayer metal-organic frame- 
works (MOFs), whereas the latter forms co- 
valent 2DPs (2DP IV; M = 2H), also known 
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as monolayer covalent organic frameworks 
(COFs). The linkage chemistry for all the 2DPs 
was confirmed by Fourier-transform infrared 
spectroscopy (FTIR) (fig. S2). 

Wafer-scale 2DP films were all produced 
at a sharp pentane-water interface and then 
transferred onto a substrate (e.g., fused silica 
in Fig. 1) placed underneath by slowly drain- 
ing the bottom solution (more details are in the 
supplementary text). We visualized these films 
using a custom color-coding scheme based on 
the hyperspectral optical transmission images 
(Fig. 1C and fig. S3). Images of four transferred 
2DP monolayers that covered an entire 2-inch 
(5-cm) fused silica substrate are shown in Fig. 
1D. The films displayed uniform contrast over 
entire wafers, suggesting macroscopic conti- 
nuity and homogeneity (a higher-resolution 
analysis is shown in fig. S4). The MOF-based 
2DP I, -II, and -III with different M had dis- 
tinct absorption spectra (Fig. 1B), resulting in 
markedly different colors (shown in Fig. 1D). 
The absorption spectra of the 2DPs resembled 
those of the corresponding porphyrin mono- 
mers (figs. S5 and S6 and discussions in the 
supplementary text), indicating that the opti- 
cal properties of the 2DP films could be di- 
rectly tuned at the molecular level. 

These monolayer 2DPs were synthesized 
using the LAP explained in Fig. 2. It is based 
on monomer self-assembly and polymeriza- 
tion at the sharp interface formed between 
two immiscible solvents (pentane/water) that 
strictly confined the monomers in a mono- 
layer limit, which was critical for precise con- 
trol of the thickness (Fig. 2, A and B). Laminar 
flow of the assembled monomers led to large- 
scale continuity and homogeneity in thickness 
(Fig. 2A and fig. S7 describe the LAP synthesis 
and the in situ optical characterization appa- 
ratus; additional details are in the supplemen- 
tary text). 

There are three phases in the LAP process 
(illustrated in Fig. 2, A and B): injection, self- 
assembly, and polymerization. During injec- 
tion, the monomers were introduced from 
the edge of the reactor (width W) and directly 
delivered onto the sharp pentane/water inter- 
face by a continuous stream of carrier solution 
through the pentane layer (within 1 cm from 
the edge, movie S1). The pentane-mediated 
delivery has two key advantages. First, the 
mass flow of the precursor is continuous at the 
interface, which is achieved by using micro- 
syringe pumps and by carefully choosing the 
combination of the carrier solvents. Second, 
the pentane/water interface is steady during 
the growth, resulting in minimal disturbance. 
This contrasts with dropwise delivery through 
the air, which disturbs the interface. Once de- 
livered to the interface, the porphyrin-based 
monomers self-assembled at the interface be- 
cause of their amphiphilicity and then spread, 
while being restricted by the longer sidewalls 
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dength L). This process generated laminar 
flow of the monomers away from the injection 
region and resulted in a continuous mono- 
layer assembly. Then, the polymerization of 
assembled monomers takes place gradually 
through the reaction with the reagents present 
in water (Cu?* ions for MOF-based 2DP I, -II, 
and -III; TPA for COF-based 2DP IV). 

The monolayer nature of the 2DPs was con- 
firmed by optical images that showed unidi- 
rectional movement of the monolayer assembly 
parallel to the longer sidewalls (Fig. 2C and 
movie S2) with little mixing perpendicular to 
this direction (Fig. 2F), confirming a laminar 
flow. This monolayer remained intact upon 
solvent washing after a complete polymeriza- 
tion (~30 min); in contrast, unpolymerized 
films were washed away (Fig. 2D). Quantita- 
tive measurements of the synthesized area of 
2DP I (R = -COOH and M = 2H with Cu" ions) 
as a function of the injected volume of the 
monomer solution closely followed a linear 
growth model consistent with a near-unity 
monomer-to-monolayer yield (Fig. 2E and 
movie S3). 

The LAP synthesis offers several advantages 
important for thin-film processing and inte- 
gration of 2DP monolayers. First, the growth 
can be easily scaled up by injecting more 
monomers (for greater L) and by adding an 
array of nozzles in parallel (for greater W) (fig. 
S8). For example, the 2-inch films shown in 
Fig. 1D were synthesized with three nozzles 
in a 2-inch (W) by 5-inch (ZL) reactor. Second, 
lateral heterojunctions of monolayer 2DPs 
can be grown with tunable compositions and 
widths by introducing different monomers 
from each nozzle and by controlling the rela- 
tive injection rates (Fig. 2, F and G, and fig. S9). 
Sharp interfaces between adjacent monolayer 
stripes were observed without voids. Finally, 
the 2DP films were compatible with a wide 
range of patterning and transfer techniques. 
For instance, they could be transferred to var- 
ious substrates without tearing, distortion, or 
buckling after evaporating pentane (e.g., SiO2/ 
Si in Fig. 3B and gold in Fig. 3D), and they 
could be patterned by using a laser marker 
while still on the water surface with a scan- 
ning laser (fig. S10). Multiple patterning and 
transfer steps can be combined to fabricate 
laterally patterned and vertically stacked het- 
erostructures while maintaining the integrity 
of the intricate patterns, as shown in Fig. 2H 
and fig. S10. 

The 2DP films were mechanically robust 
and homogeneous in thickness. On the large 
scale, they exhibited considerable mechanical 
strength and could be transferred onto various 
substrates as continuous films, as shown in 
Fig. 1D. As an additional example, a scanning 
electron microscopy (SEM) image of a 2DP I 
film transferred and suspended over a holey 
transmission electron microscope (TEM) grid 
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Fig. 1. Wafer-scale monolayer 2DPs. (A) Schematic of monolayer 2DPs and corresponding chemical 
structures of the molecular precursors. (B) Absorption spectra of monolayer 2DPs on fused silica 


substrates. (©) Hyperspectral transmission images 
2DP I on a 2-inch fused silica substrate. Transmiss 


and resulting false-color images of 1-inch-square 
ion images taken at the wavelengths of 405, 420, 


and 440 nm were assigned red, green, and blue channels, respectively, to generate the false-color 
image. A linear transmission scale of 50 to 95% was applied to all of the channels. (D) False-color 
images of monolayer 2DPs covering entire 2-inch fused silica wafers. The same color code was 


applied in (C) and (D). 


(2-um-diameter holes) (Fig. 3A) displays an 
array of freestanding 2DP membranes. These 
membranes were suspended with a near- 
perfect yield (> 99%; one broken membrane, 
denoted by an arrow) and appeared uniform 
and continuous over the entire area without 
cracks or voids. These 2DP films were close 
to 1 nm in height, near the expected thick- 
ness of a monolayer (24), with a uniform and 
smooth surface as measured by atomic force 
microscopy (Fig. 3B and fig. S11). 

The MOF-based 2DP I, -II, and -III showed 
a polycrystalline structure, which was con- 
firmed by synchrotron grazing incidence x-ray 
diffraction (GIXRD) (Fig. 3C and figs. S12 and 
$13). Using 2DP TI as an example, the in-plane 
XRD pattern showed all of the main peaks 
predicted on the basis of the structure model 
(inset in Fig. 3C and table S1), and the aver- 
age lateral domain size was estimated to be 
~20 nm according to the Scherrer equation. 
As additional evidence, the crystalline struc- 
ture of 2DP II monolayers transferred onto 
flat Au(111) surfaces was confirmed with scan- 
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ning tunneling microscopy (STM) performed 
under ultrahigh vacuum. The STM topography 
image (Fig. 3D) showed a square lattice with a 
single-crystalline domain that fully covered the 
30-nm by 30-nm area [see the 2D fast Fourier 
transform (FFT) image (inset in Fig. 3D)]. 
Another STM image (Fig. 3E; 60 nm by 60 nm) 
displayed three primary crystalline orienta- 
tions [lattice constant @ = 1.66 + 0.03 nm 
(mean + standard error of the mean), measured 
from Fig. 3F], suggesting that the 2DP TI films 
are polycrystalline with domain structures sim- 
ilar to those in previously imaged 2DPs (25, 26). 
The lattice constant extracted from these micro- 
scopic STM analyses is close to that from GIXRD 
measurements (1.64 nm) performed on the 
macroscopic scale (0.1 mm by 10 mm) with a 
mismatch less than 2% (Fig. 3C and figs. S12 
and S13). In the composite inverse 2D FFT 
image in Fig. 3G, each region is colored accord- 
ing to the lattice orientation. We used this map 
to estimate the sizes of domains (between 10 
and 40 nm) and locate domain boundaries 
(marked by dashed lines in Fig. 3E). For the 
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Fig. 2. Laminar assembly polymerization. (A) Schematic of a LAP reactor 
and in situ optical characterization apparatus. MSP, microsyringe pump. 

(B) Schematic of the LAP synthesis that involves three phases. (C) False-color 
images of 2DP I film at four different stages during growth. Images are individual 
frames extracted from movie S2 measured at the wavelength of 425 nm. 

The precursor was injected from the left side. The film was colored with purple. 
The view size is 6 mm by 24 mm. (D) Optical transmission images comparing 
monolayer films produced with and without Cu** ions before and after rinsing, 
measured at the wavelength of 425 nm. Image size is 0.67 cm by 1 cm. (E) (Left) 
Schematic of a linear growth model based on LAP. The film area increases 
linearly over time with a rate constant k = Cy-Ao-v-n/Neg, where Cy is number 


concentration (i.e., the number of molecules per microliter) of the molecular 
precursor, Ag is the unit cell area of the 2DP I lattice, v is the volumetric 
injection rate, n is the monomer-to-monolayer yield, and Neg is the effective layer 
number. (Right) Relation between film area and volume of the injected precursor, 
measured for 2DP I. The dashed line indicates the theoretical curve for 100% 
monomer-to-monolayer conversion based on the lattice structure of 2DP | 

(n = 100%, Neg = 1). The data points were collected from movie S3. (F) False-color 
image of 2DP I/2DP III/2DP Il lateral junctions. (Inset) Schematic of generating 
lateral heterostructures of 2DP I/2DP III/2DP Il generated using three nozzles in 
LAP. (G) False-color images of 2DP 1/2DP Il lateral junctions with tunable stripe 
widths. (H) False-color image of overlapped 2DP I and 2DP II stripes. Scale bar, 500 um. 


COF-based 2DP IV, no evidence for long- 
range order could be collected (through GIXRD 
or selected area electron diffraction), similar 
to other monolayer covalent 2DPs reported 
previously (26). 

In Fig. 4, we further demonstrate the po- 
tential of LAP by presenting an array of ver- 
tically programmed hybrid vdW superlattices. 
These superlattices were produced by repeat- 
edly stacking in vacuum hybrid 2D building 
units 2DP/(MoS,),,, each made of a 2DP mono- 
layer and n monolayers of MoS,. Examples of 
a 2DP II/(MoS,)3 superlattice and a 2DP IT/ 
MoS, film are shown in Fig. 4, A and B, re- 
spectively (detailed methods are shown in figs. 
$14 and S15) (27, 28). Figure 4A shows a cross- 
sectional annular dark field (ADF) scanning 
transmission electron microscope (STEM) 
image of a representative 2DP ITI/(MoS,.)3 
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superlattice—an 11-layer stack—constructed 
by alternating one layer of 2DP II and three 
layers of MoS. The image shows three bright 
bands separated by two dark lines. Each of the 
bright bands consisted of three layers of MoSo, 
and the dark layer in between corresponds to 
a 2DP II monolayer, as confirmed by the com- 
posite ADF and electron energy loss spectros- 
copy (EELS) mapping (Fig. 4A and fig. S16). 
The films ran parallel to each other with sharp 
interfaces and a uniform layer thickness over 
the entire 100-nm view of the ADF STEM 
image, indicating a high level of uniformity. In 
addition, the composition of the superlattice 
could be tuned by using a different 2DP, as 
demonstrated with the 2DP III/(MoS,), super- 
lattice shown in Fig. 4C. EELS data confirmed 
the chemical composition of each constituting 
layer, where 2DP III was identified by a strong 
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carbon signal and MoS, by a strong sulfur 
signal (Fig. 4C and fig. S16). 

The vertical structure and composition of 
the hybrid vdW superlattices could be directly 
engineered by using different hybrid building 
units. Figure 4D (left) shows a series of vaW 
superlattices with varied superlattice periodic- 
ity d made of 2DP II/(MoS,),, repeating units, 
with 7 = 1, 2, or 3. The grazing incidence wide- 
angle x-ray scattering (GIWAXS) data pre- 
sented in Fig. 4D (middle and right) and figs. 
S17 and S18 show the distinctive diffraction 
peak for each superlattice. By radially inte- 
grating the 2D GIWAXS images along the out- 
of-plane direction, 1D spectra were obtained 
in reciprocal space and used to measure d 
(fig. S19). For example, the superlattice with 
n = 3 showed d@ = 3.5 nm and a vdW thickness 
of 1.5 nm for 2DP II, which was close to the 
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Fig. 3. Structural charac- A 
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of monolayer 2DP | 
suspended over a 2-um hole. 
(B) AFM height image of 
monolayer 2DP I. Scale bar, 
500 nm. (Inset) AFM height 
profile. (©) Experimental 

and calculated in-plane XRD 
profiles for 2DP Il. The 
experiment was conducted 
on a stacked 2DP II of 

147 layers on sapphire. (Inset) Crystal structure of 2DP II. (D) Constant-current STM topography image of a single-crystalline domain of monolayer 2DP II on a 

thin film of Au(111) on mica. (Inset) 2D FFT of the image. (E) Constant-current STM topography image of multiple-crystalline domains of monolayer 2DP II. Boundaries 
between different domains are manually identified by the white dashed line. (F) 2D FFT of (E) showing square lattices of three major orientations. (G) Color-coded 
inverse 2D FFT image generated using the three sets of square lattice spots in (F). One spot from each set is circled with the corresponding color in (F). 


Intensity 


Fig. 4. 2DP/TMD vertical 
superlattices. (A) (Left) 
Schematic of a 2DP/(MoSs>)3 
superlattice. (Middle) Cross- 
sectional ADF STEM image of 
a 2DP II/(MoSz2)3 superlattice 
film transferred onto a Si02/Si B Bs Cc ee | 
substrate. Each bright band é ue 

consists of three MoS» MoS, qqunanaien 
monolayers, and each dark maaiil pewpeemsareerr” 

layer between the bands is a ? = 

monolayer 2DP Il. (Right) : aL 
Composite image of carbon — Intensity 
(yellow) and oxygen (blue) 
EELS mapping and ADF STEM 
signal (green) taken from 

a different area on the sample 
shown in fig. S16. (B) Optical M,P 
transmission image of a 

2DP II/MoS> heterostructure 
on fused silica taken at M,P 
the wavelength of 405 nm. 
The diameter of the wafer is ——|| = 
Linch. (C) (Left) Cross- 0.2 03 04 08 1.0 
sectional ADF STEM image q (A) 

of a 2DP III/(MoS2)2 

superlattice film transferred onto a SiO2/Si substrate. Each bright layer consists of two layers of MoS» stacked, and each dark layer is a 2DP III monolayer. 
(Right) EELS profiles of carbon and sulfur taken from a different area on the sample shown in fig. S16. Scale bar, 5 nm. (D) (Left) Structures of 2DP II/(MoS2),, 
vertical superlattices. (Middle) Normalized diffraction peaks corresponding to 2DP II /(MoSz2), superlattices measured by GIWAXS. (Right) 2D GIWAXS 
scattering patterns of 2DP II/(MoS>), superlattices. Scale bar, 0.2 A’!. (E) Schematic of vertical capacitor device arrays and individual device geometry. 

(F) Optical image of a 3-by-5 capacitor device array. Scale bar, 500 um. (G) Reciprocal of area-normalized capacitance, 1/C’, as a function of N, the number 
of 2DP Il layers in stacked (MoS2/2DP II)y(MoS2)¢.y films. Each data point is averaged from 10 devices with corresponding stacked film structures 

shown above. Green, MoSz; yellow, 2DP Il. The inset shows a capacitance histogram of 25 devices of N = 2. 
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value measured from Fig. 4A. The results from 
other superlattices agreed very well with the 
predicted values (fig. S14 and table $2). In ad- 
dition, x-ray reflectivity XCRR) measurements 
conducted on similar superlattice structures 
and the scattering length density profiles gen- 
erated from fitting the XRR spectra clearly 
revealed oscillations of electron density con- 
sistent with the alternating structures of 
(MoS,),, and 2DP II (fig. S20 and supplemen- 
tary text). The thickness of the repeating units 
extracted from the XRR analysis matched those 
obtained from GIWAXS and cross-sectional 
STEM within a 2-A mismatch (table $3). Both 
the GIWAXS and the XRR data were taken 
from a macroscopic area randomly chosen 
from 1-cm by 1-cm superlattice films, illustrat- 
ing the homogeneity of the vdW superlattices 
on a large scale. 

Vertically programmed vdW superlattices 
and heterostructures provide a powerful plat- 
form for fabricating uniform arrays of devices 
whose properties are engineered layer by layer 
(0, 11, 29-32). To demonstrate such potential, 
we chose to fabricate arrays of electrical ca- 
pacitors (photo shown in Fig. 4F) from vdW 
heterostructures of 2DP II and Mos, (Fig. 4E), 
as such a process involves integration of both 
top and bottom electrodes and the capacitance 
can be directly tuned by the thickness of the 
superlattices. Each device in an array consisted 
of two gold electrodes sandwiching the vaW 
heterostructure dielectric (27). Figure 4G shows 
the results measured from a series of hetero- 
structures, (MoS./2DP ID),(MoS,)¢-y, where NV 
monolayers of 2DP II films were inserted in 
between Mos, layers of a six-layer MoS, stack 
(schematics in Fig. 4G). Thus, the dielectric 
thickness and the capacitance are directly 
tuned by varying the layer number of mono- 
layer 2DP II. The measured inverse capaci- 
tance, 1/C’, where C’ is the area-normalized 
capacitance, linearly increased as N increased 
from 1 to 5. Using the classical capacitor model, 
we extracted the dielectric constants of 2DP II 
(4.1) and MoS, (2.7), and these were in agree- 
ment with reported values (33, 34). The mea- 
sured capacitance from an array of devices 
exhibited a narrow distribution (lower inset 
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in Fig. 4G), suggesting the spatial uniformity 
of the hybrid heterostructures. This spatial 
uniformity is comparable to what has been 
achieved with stacked MoS, films (27). Thus, 
this method offers a general platform to in- 
corporate diverse molecular species into vaW 
hybrid thin films for functional devices. 
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Sensory coding mechanisms revealed by optical 
tagging of physiologically defined neuronal types 


Donghoon Lee, Maiko Kume, Timothy E. Holy* 


Neural circuit analysis relies on having molecular markers for specific cell types. However, for a cell 
type identified only by its circuit function, the process of identifying markers remains laborious. We 
developed physiological optical tagging sequencing (PhOTseq), a technique for tagging and expression 
profiling of cells on the basis of their functional properties. PhOTseq was capable of selecting rare 
cell types and enriching them by nearly 100-fold. We applied PhOTseq to the challenge of mapping 
receptor-ligand pairings among pheromone-sensing neurons in mice. Together with in vivo ectopic 
expression of vomeronasal chemoreceptors, PhOTseq identified the complete combinatorial receptor 


code for a specific set of ligands. 


olecular markers are a powerful tool 

for labeling and analyzing neuronal 

cell types. However, in many cases, a 

single marker is insufficient to define 

a distinct cell type and may label a 
few, or a few hundred, physiologically distin- 
guishable cell types (7-3). In such cases, one 
wishes to select specific physiological popu- 
lations and discover their molecular identities. 
However, tools for proceeding from function 
to molecular markers are not fully mature. 
Markers such as c-fos label active neurons 
promiscuously across many cell types (4). 
Cells can be chosen for sequencing based on 
patch recording (5-8); however, this approach 
faces obstacles for rare cell types or when 
one needs many cells of the same type to 
profile low-abundance transcripts. 

We reasoned that the key bottlenecks of this 
pipeline could be replaced by an all-optical 
approach. One prototype is CaMPARI, which 
uses the simultaneous presence of calcium and 
excitation by short-wavelength light under 
the control of the experimenter (9). Although 
CaMPARI allows one to control the labeling 
of excited neurons temporally, as with c-fos, 
any active neuron will be labeled, so this may 
comprise dozens or more cell types. There is 
considerable need for tools that provide the 
specificity of patch-seq with the convenience 
and high throughput of optical methods. 

Here, we report a method called physio- 
logical optical tagging sequencing (PhOTseq). 
PhOTseq allows specific cell types to be de- 
fined intersectionally through their physio- 
logical activity under diverse conditions. We 
exploited two coexpressed fluorescent pro- 
teins, GCaMP and photoactivatable mCherry 
(PAmCherry) (10-12); GCaMP permits record- 
ing neuronal activity by large-scale calcium 
imaging, and PAmCherry enables long-term 
labeling of selected neurons by photoactivation 
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(PA). Using these reporters, we performed cal- 
cium imaging with a diverse set of stimuli or 
experiences and then selected a specific collec- 
tion of cells for tagging by PA. Last, the tagged 
neurons were harvested and profiled for their 
mRNA expression (Fig. 1A). 

We created several plasmids and viruses, all 
expressing variants of GCaMP-2A-PAmCherry. 
The self-cleaving 2A peptide (73) allowed both 
proteins to be expressed from a single mRNA; 
the tight coupling facilitated ratiometric anal- 
ysis to compensate for variability in expression. 
Initial in vitro and in vivo experiments demon- 
strated the feasibility of performing both cal- 
cium imaging and phototagging by using this 
reporter (figs. Sl and S2). To test the perform- 
ance of the complete pipeline (Fig. 1A), we 
turned to mouse vomeronasal sensory neurons 
(VSNs), whose primary function is pheromone 
sensing and social communication. VSNs ex- 
hibit dense cell packing (74) (thus challenging 
phototagging accuracy), extreme functional 
heterogeneity, and an unambiguous relation- 
ship between molecular identity and physiolog- 
ical function (75-18). We generated a transgenic 
tetO-GCaMP5g-2A-PAmCherry mouse and 
drove expression in all VSNs through olfactory 
marker protein (OMP)-internal ribosomal 
entry site (IRES)-tetracyclin transactivator (tTA) 
(fig. S3A). We observed calcium responses from 
the VSNs, and two-photon PA resulted in 
phototagging at single-cell resolution (figs. 
S3 and S4). 

We evoked combinatorial VSN responses 
using two ligands: 5-androsten-38, 17B-diol 
disulfate (A7864) and 1,3,5(10)-estratrien-3, 
17B-diol disulfate (E1050). A custom online 
algorithm automatically segmented respon- 
sive neurons; out of 430 neurons respond- 
ing to at least one ligand, 192 responded to 
both ligands. Voxels corresponding to these 
dually responsive neurons were chosen to 
create a mask so that only these voxels were 
illuminated during PA (Fig. 1, B to D). Photo- 
activated neurons were readily distinguished 
from the background, and PA tagged an av- 
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erage of 1.32 cells per region (Fig. 1E and fig. 
$5). The photoactivated vomeronasal epithelia 
(VNEs) were subsequently subjected to disso- 
ciation and fluorescence-activated cell sorting 
(FACS) (Fig. 1, F and G). In the FACS analysis, 
four to five abundant clusters were observed, 
of which only one (P1) was almost entirely 
dependent on PA. This population represents 
the one selected later for sequencing. 

We used PhOTseq to begin unraveling the 
logic of chemosensation. Fewer than a dozen 
vomeronasal receptors (VRs) have ligands of 
known structure (5, 19, 20), and these are 
scattered widely across the gene family. We 
reasoned that a saturation analysis of VRs 
responsible for encoding a focused region of 
“chemical space” will provide insights into 
the molecular logic of chemosensation. First, 
we examined functional types of VSNs broadly 
by light-sheet calcium imaging while present- 
ing 15 different sulfated steroids, of which six 
were also delivered over a range of concen- 
trations, for a total of 27 different chemosen- 
sory stimuli. Approximately 15,000 neurons, 
~10% of the total VSN population per hemi- 
sphere, were visualized in each imaging vol- 
ume (3). From three imaging volumes, more 
than 5000 neurons responded to at least one 
of the ligands, and they fell naturally into 
20 different response types (Fig. 2, A and B). 
From this reference clustering, we chose to 
phototag the most abundant cell type, cluster 1, 
and three others showing similar chemo- 
receptive fields (clusters 2, 3, and 6) (fig. S6), 
among which cluster 3 comprised fewer than 
2% of the responsive neurons and presumably 
~0.2% of the total VSN population (Fig. 2B). As 
a control group, we selected one of the most 
dissimilar cell types, cluster 19, which strongly 
responded to sulfated pregnanolones. 

For cell type selection under two-photon 
microscopy, on the basis of Fig. 2B, we used 
a subset of stimuli that distinguish cells among 
these five selected clusters (figs. S7 and S8 and 
movie S1). After online two-photon PA, we 
collected photoactivated or nonphotoactivated 
experimental control cells by FACS and per- 
formed single-cell RNA sequencing. We obtained 
a total of 622 qualified cells (fig. S9), among 
which 61, 44, 49, 40, and 65 photoactivated cells 
were from experiments aimed at functionally 
defined cluster 1, cluster 2, cluster 3, cluster 6, 
and cluster 19 cells, respectively (Fig. 2C). 

Physiological responses of chemosensory 
neurons are thought to be largely determined 
by the VR genes they express (27). Therefore, 
our investigation was focused on the expression 
of VR genes. Among photoactivated cells, any 
given cluster exhibited substantial enrichment 
of at least one VR gene, with different VR genes 
being enriched in different clusters (Fig. 2C). By 
contrast, among control cells, VR gene expres- 
sion was sporadic (fig. S10). Because our target- 
ing accuracy was less than 100% (fig. S5C), we 
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Fig. 1. Two-photon PAcan A 
tag neurons chosen by 
activity pattern. 

(A) Workflow of PhOTseq. 
NA, numerical aperture; 
qPCR, quantitative polymerase 
chain reaction; RNASeq, RNA- 
sequencing; Stim, stimulus. 
(B to D) Two-photon calcium 
imaging of the VNE explanted 
from a GCaMP5g-p2a- 
PAmCherry transgenic mouse. 
(B) Representative images of 
calcium chemosensory 
response evoked by either 
10 uM A7864 (top left) or 
10 uM E1050 (top right). PA 
mask (bottom) selects cells 
responsive to both stimuli. 
Scale bar, 20 wm. (C) The 
average GCaMP intensity 
obtained from masked 
cells. Black bars: delivery 
time course of stimu 
(D) Individual responses 
(AF/F) among masked cells 
to 10 uM A7864 and 10 uM 
E1050. (E) Confocal imag- 
ing after online two-photon 
PA. PAmCherry signals 
(left), PAmCherry signals 
with two-photon PA mask 
(middle), and PAmCherry 
signals with calcium 
responses to either 10 uM 
A7864 (cyan) or 10 uM 
E1050 (green) (right). Red 
and yellow arrow heads: the 
examples of PA mask 
regions associated with 
single and double 
PAmCherry-positive 
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neurons, respectively. Scale bar, 20 um. (F and G) FACS analysis of cells from nonphotoactivated tissue (F) or photoactivated tissue (G). Clusters were marked as P1, P2, 
P3, P4, and P5. Pl and P2 represent a photoactivated and an experimental control group, respectively. Of the total population, Pl and P2 accounted for 0.013% and 
33.9% (F) or 0.218% and 37.3% (G), respectively. AU, arbitrary unit. 


also expected some sporadic expression among 
cluster-selected photoactivated neurons (Fig. 
2C). When the type of a VSN was defined by its 
maximally expressed VR gene, only one abun- 
dant type was found among cluster-selected 
photoactivated neurons (Fig. 2D) [cluster 1: 
VmnIr89 type (25%); cluster 2: Vmnir8&6 type 
(30%); cluster 3: Vmnir78 type (27%); cluster 6: 
VmnIr237 type (50%); cluster 19: VmniIr58 type 
(58%)]. These five VR genes were the only sig- 
nificantly enriched receptor gene in each photo- 
activated group compared with all the other cells 
(Fig. 2E). During these analyses, we updated 
the Vmnir237 gene model because the read 
coverage of Vmnir237 and cloning revealed 3' 
untranslated regions missing from existing 
gene models (fig. S11 and data file S1). We also 
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unexpectedly observed coexpression of Vimnir85 
in Vmnir86 neurons (Fig. 2F and fig. S12, A to C). 
Including data from our control and sporadic 
cells, coexpression was also observed for several 
other VR gene pairs, in each case consisting 
of a genomically adjacent pair (fig. S12, D to F). 
Taken together, we identified six putative VR 
genes mediating a focused set of responses. 
To test whether PhOTseq identified true 
receptor-ligand pairs, we performed a gain-of- 
function study. Because of abnormal localiza- 
tion of VR proteins (22), in vitro heterologous 
expression systems have had little success, par- 
ticularly for the VIR family (23). We reasoned 
that a VSN cell’s endogenous machinery would 
allow functional expression of a VR gene; seek- 
ing a more efficient route than making a trans- 
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genic mouse (5), we explored a virus-mediated 
approach. Among the viral vectors we tested, 
intravenous injection of rAAV2/8-CAG-green 
fluorescent protein (GFP) was able to induce 
expression of GFP in a subset of VSNs (fig. S13). 
We delivered rAAV2/8-CAG-GCaMP-2A-VR, in 
which VR was one of the genes identified by 
PhOTseq, and for each obtained multiple 
neurons that showed statistically significant 
responses to at least one ligand (Fig. 3, Aand 
B, and movie S82). In each case, the dominant 
response pattern matched the expected PhOTseq 
response pattern (Fig. 3, C and D). We also tested 
Vmnir85 because this gene was found to be 
coexpressed with Vmnir86 (Fig. 2C). The re- 
sponse pattern matched that of cluster 4, 


which was another group that was similar 
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Fig. 2. PhOTseq- 
identified VR genes 
of overlapping cell 
types. (A) Example 
calcium traces (nor- 
malized AF) from two 
cells. Amplitude was 
normalized by the 
maximum amplitude of 
all cells recorded. 
Ligands are listed at 
the top. OCPI, objective 
coupled planar illumi- 
nation. (B) Neuronal 
esponses to sulfated 
steroids. Cells are on 
columns, and stimuli 
are on rows. If not 
indicated, the ligand 
concentration is 10 uM. 
The color bar indicates 
normalized response. 
Cluster identities are 
reported at the top. 
Asterisks indicate 
PhOTseq target cel 
types. Asterisks in 
parentheses indicate 
functional type whose 
receptor identity was 
discovered during 
analysis by ectopic 
expression in Fig. 3. 
(C) Expression of the 
30 most highly 
expressed VR genes 
when averaged across 
all sequenced cells: 
also shown are three 
marker genes (Omp, 
Gnai2, and Gnaol). 
Cells are on columns, 
and genes are on rows. 
PhOTseq-targeted 
functional types are 
shown at the top; cells 
belonging to these 
functional clusters 
were specifically 
photoactivated and 
sequenced. The color 
bar indicates the log- 
normalized expression 
level. ID, identification. 
(D) Proportion of a 
VSN type in each 
group shown in (C). 
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Each tick on the x axis represents a different VR gene. Each functional type exhibited only one common VSN type. (E) Expression of five VR genes across different 
experiment groups. “P” indicates photoactivated cells, and “C” indicates nonphotoactivated control cells. *Paqj < 0.01 (Wilcoxon rank sum test; Pagj < 0.01) 
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Vmn1r89, Vmnlr86, Vmnir78, Vmnir237, and Vmnir58, respectively). (F) Single-cell expression of Vmnlr85 and Vmn1r86 is nonexclusive. 
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Fig. 3. Ectopic expression—enabled functional analysis of VRs. (A) Expression 
by means of AAV injection in the temporal vein of newborn pups. AAV, adeno 
associated virus; P0.5, postnatal day 0.5. (B) Optical section from light-sheet 
calcium imaging after the ectopic expression of GCaMP-2A-Vmn1r237 in 
response to different ligands. The apical layer is occupied by dendritic tips (Den) 
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with cell bodies (CB) below. Scale bar, 20 um. (C) Calcium response after 
ectopic expression of GCaMP-2A-Vmn1r89, -Vmnir86, -Vmnlr78, -Vmn1r237, 
-Vmnir58, or -Vmnir85. Ligands are identical to those in Fig. 2B. (D) Pairwise 
correlation between the reference clustering and the ectopic responses shown 
in (C) (left) or autocorrelogram of the reference clustering (right). 
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number of amino acid substitutions per site. Numbers indicate bootstrap values. 
(B) Pairwise distances among 204 V1R protein sequences (see supplementary 
materials, materials and methods). (C) For these deorphanized VRs, the top 20 
nearest VRs, based on (B), are rank ordered. The deorphanized VRs are colored if 
shown in the table. (D) Two-dimensional representation of the distance matrix 


shown in (B). Each dot represents a single VR protein. coord, coordinate. 


to cluster 1 but was not chosen for analysis by 
PhOTseq (Fig. 3, C and D). Because sequenc- 
ing revealed control neurons that expressed 
only Vmnir85 (Fig. 2F), functional cluster 4 cells 
likely expressed Vmniré35. 

Only a few studies have examined the rela- 
tionship between VR sequence and chemo- 
sensory function (5, 79) and never from the 
vantage point of complete knowledge of the 
VRs that underlie a set of nearest neighbors 
in terms of function. To investigate this rela- 
tionship, we performed multiple sequence 
alignment (MSA) of vomeronasal type 1 re- 
ceptor (VIR) protein sequences followed by 
phylogenetic tree analysis (Fig. 4A). Among 
V1Rs expressed in functionally similar types, 
VMNI1R89, VMNIR86, and VMNIR85 were 
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close to each other in the sense of putative 
evolutionary distance. Two of the functionally 
similar cell types, VMN1R78 and VMNI1R237, 
belonged to different branches. In this repre- 
sentation, VMNIR58, which was the chosen 
outlier in terms of function, was not notably 
more divergent from VMNI1R89, VMNIR86, 
and VMNIR85 than the more functionally 
similar VMN1R78 and VMNI1R237. Conse- 
quently, this tree structure representation 
did not suggest a particularly close corre- 
spondence between function and primary 
sequence. 

However, when the pairwise distances 
acquired from the MSA analysis were exam- 
ined carefully, we noticed that, despite their 
apparent evolutionary distance, VMN1R78 
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and VMNIR237 were consistently among the 
VR genes most closely related to VMNI1R89, 
VMNIR86, and VMNIR85 (Fig. 4, B and C). 
Among 204 VIR sequences examined, the me- 
dian neighbor rank among these VRs was 11, 
implying that these VRs are typically among 
the top-few-percent-closest matches to one 
another. We therefore considered the possi- 
bility that phylogeny, in attempting to con- 
struct plausible ancestry, inaccurately models 
relatedness between sequences that are not 
nearest neighbors. To more comprehensively 
evaluate and visualize all pairwise distances, 
we performed a classical multidimensional 
scaling analysis to project the high-dimensional 
sequence-based distance relationships into 
two dimensions (Fig. 4D). This resulted in a 
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different picture of the gene family, whose 
dominant feature was the presence of seven 
to nine apparent clusters. The functionally 
similar receptors, including VMN1R78 and 
VMNIR237, were near neighbors, whereas the 
functionally dissimilar receptor VMNIR58 was 
positioned in a distant cluster. We conclude that 
relationships among the primary sequences of 
these VRs are strongly correlated with their 
degree of functional similarity. 

Our results demonstrate the utility of 
PhOTseq, an all-optical solution to the prob- 
lem of cell type selection and labeling. It 
provides an opportunity to study the relation- 
ships between genes and physiological func- 
tion even in extremely rare cell types that can 
be defined only through extensive functional 
characterization. PhOTseq will be applicable 
when individual neurons respond combina- 
torially to various conditions, including sensory 
stimulation, emotional status, and behavior. 
We further anticipate that in vivo ectopic ex- 
pression will be widely applicable for charac- 
terizing VR-ligand pairings. In addition, our 
data show unexpected receptor coexpression, 
a specific and systematic departure from the 
“one neuron, one receptor rule” (27), whose 
potential roles will need to be evaluated in 
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many aspects of olfactory function. Lastly, 
our study provides biological insight on 
chemosensation by comprehensively map- 
ping receptor-ligand pairings for chosen 
subsets of the vomeronasal sensory popu- 
lation and suggests that saturation analy- 
ses can reveal sequence-function coupling 
unanticipated by single-ligand studies (24, 25). 
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LIFE SCIENCE TECHNOLOGIES 


new products: automation 


Automated Peptide Synthesizer 
Gyros Protein Technologies 
introduces PurePep Chorus, 

its next-generation automated 
peptide synthesis platform. The 
scalable instrument and software 
platform enables production 

of even the most challenging 
sequences at the highest-possible 
crude purity and yield. It has 

a modular design and can be 
purchased with—or lab-upgraded to include—two, four, or six 
channels, with independent induction heating and real-time UV 
monitoring on two or more channels, depending upon researchers’ 
needs and budgets. PurePep also employs flexible programming 
and Single-Shot additions, to eliminate the need for priming while 
minimizing waste when using special amino acids and reagents. 
The instrument incorporates an intuitive software interface that 
simplifies the chemist’s workflows and accelerates setup with 
preprogrammed methods, while being fully compliant with 21 CFR 
Part 11. 

Gyros Protein Technologies 

For info: 800-477-6834 

www.gyrosproteintechnologies.com 


Automated Sequencing 

Complex library prep workflows are fully automated on the lon Chef 
System to deliver reproducible data on any lon Torrent sequencer, 
even from degraded samples such as FFPE DNA, or RNA samples. 
When paired with the lon GeneStudio S5 System and lon AmpliSeq 
panels, the lon Chef enables a walkaway, targeted NGS workflow 
with just 45 min of hands-on time, so that you can focus on finding 
meaningful answers to your research questions. The lon Chef 
simplifies the lon Torrent NGS workflow by integrating automated 
template preparation and chip loading in a single instrument 

for maximum efficiency and throughput. Simply select the run 
parameters using the intuitive touchscreen interface, load the library 
samples, reagents, and consumables, and go. 

Thermo Fisher Scientific 

For info: 800-955-6288 

www.thermofisher.com 


High-Volume Nucleic Acid Extraction 

The ID NIMBUS Presto assay ready workstation from Hamilton 
Company offers fast, hands-free nucleic-acid extraction of high- 
volume evidentiary samples, such as calcified tissues and other 
challenging samples. Up to 24 or 96 samples in volumes ranging from 
50 uL-5,000 uL may be processed simultaneously in microplate or 
deep-well plate format for use in sensitive downstream analyses. 

ID NIMBUS Presto includes a deck-mounted KingFisher Presto 
purification system from Thermo Fisher Scientific, and uses magnetic 
particle-based technology to facilitate rapid, high-quality purification 
without the risks of manual variability and errors. Barcode scanning 
automatically creates a chain of custody to independently verify 
each sample and correlate it with the case file and assigned 

analyst. Air-displacement pipetting technology bypasses the 
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risk of liquid-induced contamination; and for superior pipetting 
accuracy, Hamilton's Compressed O-Ring Expansion (CO-RE) tips 
are recommended for use with ID NIMBUS Presto. In addition to 
liquid handling, on-deck gripper paddles use CO-RE technology to 
transport samples without the need for manual interactions. A user- 
friendly interface guides analysts through assay setup and displays 
pertinent information regarding each processing step. Additionally, 
all robotic actions and sample locations may be downloaded for 
inclusion in case-file documentation. 

Hamilton Company 

For info: 800-648-5950 

www.hamiltoncompany.com/robotics 


Nucleic Acid Purification System 

The lonic Purification System from Purigen Biosystems is a 

small benchtop system that uses the company’s proprietary 
isotachophoresis (ITP) technology to extract, purify, and concentrate 
nucleic acids from biological samples in 1 h with less than 3 min of 
hands-on time per sample. It enables the automated extraction of 
nucleic acids with dramatically increased yields and improved purity 
from a wide range of sample types, including cultured or sorted cells 
and FFPE tissues. Biological samples are gently lysed, then loaded 
into the lonic Fluidics Chip. The lonic system then applies an electric 
field to the chip, and the nucleic acids are isolated in their natural, 
native form using our ITP technology. The nucleic acids are not 
denatured or dehydrated, and there is no binding or stripping from 
fixed surfaces. The process minimizes fragmentation and eliminates 
bead or buffer contamination. The extracted nucleic acids are pure, 
abundant, and ready for analysis by any downstream technique, 
including NGS or PCR. 

Purigen Biosystems 

For info: 925-264-1364 

www.purigenbio.com/products/ionic-system 


Robotic Liquid-Handling Instrument 

Tecan’s Cavro Magni Flex OEM robotic liquid-handling instrument 
is a modular, scalable solution intended for low- to medium- 
throughput workflows, offering the flexibility and functionality to 
quickly and easily create innovative automation systems for virtually 
any life sciences application, from immunoassay processing to 
molecular diagnostics. A variety of carriers, cutouts, and custom 
grids are available to create any number of layouts. The system is 
available with a choice of two, four, or eight independent pipetting 
channels. The platform’s liquid-handling arm offers variable tip 
spacing capabilities (independent channels)—to suit different 
labware types and enable reformatting activities—and can act 

as both a pipettor and gripper, optimizing use of available space. 
Supplied with Tecan’s MAPlinx development software kit—which 
includes high-level functional commands for straightforward 
programming, a worktable editor with virtual library and drag-and- 
drop features, and a 3D simulator to simplify software testing—the 
Cavro Magni Flex aims to accelerate instrument development and 
time to market. 

Tecan 

For info: +41-(0)-44-922-81-11 

www.tecan.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/about/new-products-section for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are featured in this 
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2019 SANOFI - INSTITUT PASTEUR AWARDS 


8TH EDITION 


For the 8th edition, the Sanofi - Institut Pasteur 


ae 


SANOFI - INSTITUT PASTEUR 


Awards foster scientific excellence by rewarding four 2019 AWARDS 
researchers whose work demonstrates significant FOR BIOMEDICAL RESEARCH 
breakthroughs for global health. Se 


———~ 


INTERNATIONAL SENIOR ADWARD 


Dr. Carl F. NATHAN 
Microbiology & Infection 


Carl F. Nathan is awarded for his major discoveries in our 
understanding of host-pathogen relations, such as macrophage 
activation by interferon gamma which strongly shaped the field of 
immunology and dramatically influenced treatment of infectious 
diseases. 


INTERNATIONAL JUNIOR ADWARDS 


Pr.ido AMIT 
Immunology 


IdoAmitis awarded forhis breakthrough single cellstudies elucidating 
the diversity of the immune cell types which revolutionized our view 
in basic immunology and immunotherapy research. 


Pr. Andrea ABLASSER 

Immunology 

Andrea Ablasser is awarded for her major contributions to 
a fundamental discovery in innate immunity: the role of DNA 
recognition during infection which has inspired efforts to 
implement strategies interfering with innate immune responses 
to treat inflammation-related disorders. 


Dr.Marek BASLER 
Microbiology & Infection 


Marek Basler’s research has fundamentally advanced our 
understanding of a very important bacterial nanomachine which 
delivers effectors in neighboring cells, influencing many areas of 
microbiology, such as pathogenesis and polymicrobial communities. 
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NANJING UNIVERSITY 


ADVERTISEMENT 


ocated in the ancient capital of Nanjing, Nanjing University and its prede- 
cessors have taken responsibility for the country and the nation during its de- 

velopment of over 100 years. Committed to the prosperity of the nation and the 
advancement of science, Nanjing University makes significant contributions to the 


revitalization of China. 


Especially since the Reform and Opening-up, Nanjing University has seized this historic 
opportunity and gained vitality. It was among the first top universities to be selected for 
prioritized support by the Central Government of China under “211 Project” and “985 
Project”. NJU was selected by the General Office of the State Council as one of the first 
group of National Demonstration Bases for Innovation and Entrepreneurship. NJU has 
been selected as among Category A universities under National Double First Class Initi- 
ative, while 15 subject areas of NJU are on the same list. As a member of the C9 League 
(an alliance of nine elite universities in China), NJU is known for its outstanding faculty, 
coordinated disciplines, and excellent research, and is recognized as a leading university 
with academic strength and social prestige. NJU’s mission is to cultivate talents, seek 
truth, serve society, and inherit and transmit Chinese culture. Its aim is to become a 
world-class research university of Chinese characteristics and NJU style, and to make 


contributions to the Chinese nation and the international community. 


ee P Seasons NJU has built up a well-coordinated 
Distinctive arrangement of disciplines fcaagi 
development pattern of disciplines 


by maintaining its strength in foundational disciplines and seeking further improvement 
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in newly-emerging and interdisciplinary areas. The development pattern has given full 
consideration to development of social, natural, engineering and medical sciences. 

Now, NJU has 29 departments under its direct administration. A whole raft of national 
first-class disciplines with global influence and distinctive features have been built up, 


which include 8 national first-class key disciplines and 13 national second-class key 


disciplines, 18 Jiangsu Province First-level Key Discipline88 undergraduate majors 


and 38 national doctoral degrees authorized first-level disciplines. NJU ranks the first 
among China Universities(7th in the world) according to the Nature Index issued in 
2019. Besides, QS World University Rankings of 2019 shows that 13 disciplines of NJU 
rank in the top 100 disciplines of universities around the world. As shown in Essential 
Science Indicators (ESI) issued by Thomson Reuters, 17 disciplines of NJU rank in the 
top 1% in the world.( Data statistics as of November 2019). 


On the strength of its gold-medal, newly-emerging 
Powerful research platform ; ee Pca 
and interdisciplinary disciplines, NJU has made 
further headway according to trend of international academic frontiers and national 
strategic demands. It has established a high-standard research platform represented by 
a batch of national or provincial-level labs, engineering centers or key research bases. 
Steady program has been made in the construction of both scientific research and 
research forces. 

Now, NJU has | national-level laboratory (under construction), 2 national-level 
coordination and innovation centers (2011 Program), 7 national key laboratories, 8 key 
laboratories of the Ministry of Education, | national-level engineering research center, 2 

engineering centers of the Ministry of Education, 1 engineering and technology research 
center of the Ministry of Environmental Protection, and 4 humanities and social sciences 


research centers of the Ministry of Education. 
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Poe eae on pushing forward its eevelayaien! RY 
training of talents. It has been devoted to the introduction 

and cultivation of talents. To provide powerful, systematic and holistic support for 
talent training, NJU unites professional forces during its development, cultivates young 

professionals during entrepreneurship and innovation practices, and shows considerable 
care for daily life of talents. The result is that a high-standard young faculty with global 

views and innovative abilities has been established. 

In the faculty of NJU, there are 29 academicians of the Chinese Academy of Sciences, 

4 academicians of the Chinese Academy of Engineering, 86 distinguished professors 
out of Chang Jiang Scholars Program, 116 awardees of National Fund for Distinguished 


Young Scholars, 10 national-level professors. NJU excels among Chinese universities in 
terms of the above numbers. 


; NJU has been committed to cultivating potential industrial 

leaders and innovative talents with international views and 
practical skills. For bachelor program, NJU provide students with individualized cours- 

es, independent options, and diversified possibilities. The research program “Double 

Three Model” has been awarded the Prize in the Seventh National Higher-Education 
Achievements Award. NJU spares no efforts to push forward “4-3-3 PhD Students Edu- 
cation Reform”, planning to establish an ability-oriented interactive training mechanism. 
Students at NJU are characterized by active mind and strong innovation ability. They 
have won numerous awards in Chinese and foreign competitions. The graduation em- 
ployment rate has remained high and stable for many years, and the level of employ- 
ment and quality have been continuously improved. NJU has been awarded the Prize in 

Model University for Employment of National Graduates. 


Xianlin Campus of 
Nanjing University 
is well known for its notable international elements. With a floor space of about 1.2 mil- 
lion m’ and a green area of some 2.7 million m’, representing the highest standards of 
construction, modernization and intellectualization in China. 
Xianlin Campus has convenient transportation and direct access to Metro Line 2. While 
providing students with adequate teaching and living facilities, this campus brings out 
the best of Nanjing University by its human and natural landscapes. The campus has 
the Jiuxianghe Wetland Park and Yangshanhu Park in its west, the science park in its 
north, the teaching quarters in its middle, and the Heyuan Faculty Residential Quarters 
(solely-owned property neighboring two school catchment areas and enjoying teaching 
resources of surrounding kindergartens and elementary and junior middle schools) on 
its south. It has been expanded into a large complex which integrates local community, 
teaching quarters, and science park into a single whole. 
Gulou Campus sits in downtown area. As the former site of University of Nanking, it is 
now listed as a major historical and cultural site protected at the national level. Beidal- 
ou Building Groups are the landmark of Nanjing city, which fully displays traditional 
Chinese architectural styles. As a campus with a history of over a hundred years, it ap- 
pears quiet and attractive throughout seasons of a years, boasting of rich traditions and 
spiritual legacies. 


vi 


a ee a a Nanjing University has established a talent incentive 
Joining Nanjing University 


and training system from leading talents, young 

and middle-aged academic leaders to outstanding young talents. The system matches up 
with the national talent plan and provides talents of various disciplines and at different 

levels with promising opportunities. 


Contact: http://zp.ehallapp.nju.edu.cn 
Tel: 86-025-89686783 / 86-025-89680253 | 86-025-89687256 
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Henan University 


he College of Environment and Planning (CEP) 

at Henan University is the successor of the De- 

partment of Geography of Zhongzhou University 

established in 1923. Professor Jinglan Feng, a 
distinguished geologist and academician of Chinese Acad- 
emy of Sciences was the first dean of CEP. After years 
of continuous efforts, CEP has developed to become a 
comprehensive and interdisciplinary college featuring with 
Geography as main body, covering Environmental Sci- 
ence, Ecology, Science and Technology of Surveying and 
Mapping and Regional Economics. 


CEP sets doctoral degrees of a first-level discipline in 
Geography, as well as post-doctoral research program. 
Besides, there are five doctoral programs of second-level 
disciplines, including Physical Geography, Human Geog- 
raphy, Cartography and Geographic Information System, 
Economic Geography, Remote Sensing Information Sci- 
ence and Technology. The college also offers two doctoral 
programs of second-level disciplines and post-doctoral 
studies in Regional Economics and Ecology. In the fourth 
round of national assessment of the geography discipline, 
CEP is evaluated B+. 


CEP has established a number of research and educational 
platforms, including the National Experimental Teaching 
Demonstration Center of Environment and Planning, the 
Laboratory of Geospatial Technology for the Middle and 
Lower Yellow River Regions (Key Laboratory of the Min- 
istry of Education), Research Institute of Yellow River 
Civilization & Sustainable Development (Key Research 
Base of Humanities and Social Science of the Ministry of 
Education), the Middle and Lower Yellow River Regions 
Science Data Sharing Platform of National Earth System 
Science Data Sharing Infrastructure, Regional Economy 
Research Center of Henan Province(Key Research Base 
of Humanities and Social Science of Henan Province), the 


SGeosraphy of 


Spatio-Temporal Big Data Industry Technology Research 
Institute of Henan Province, the Integrative Prevention of 
Air Pollution and Ecological Safety Key Laboratory of 
Henan Province. 


CEP has a faculty of 160 members, including one acade- 
micians of the Chinese Academy of Engineering (CAE), 
one academician of Inter-national Eurasian Academy of 
Sciences (IEAS), one Yangtze River Scholars, two Distin- 
guished Young Scholars of National Science Foundation of 
China (NSFC). 


In order to achieve two strategic targets, focusing on nat- 
ural environment, ecological process and regional high 
quality development in the middle and lower reaches of 
the Yellow River, CEP has developed five research fields 
as human geography, economic geography, Geographic 
Information System, environmental geography and ecolog- 
ical geography. More than 70 national scientific research 
projects were granted, 48 research rewards of provincial, 
ministerial and national level were awarded (including 
the first-place prize of Henan Province Science and Tech- 
nology Progress of “the Research and Application of Key 
Technologies of Earth System Science Data Sharing pro- 
ject” in 2013) and more than 180 articles in SCI, SSCI, EI 
and other Chinese top journals were published in last three 
years. 


We are eager for ambitious and outstanding researcher to 
join us from all around the world! The one hundred-year- 
old Henan University welcomes you! The one thousand- 
year-old Kaifeng welcomes you! The ten thousand-year- 
old Henan welcomes you! Let us hand in hand to create 
brilliant CEP. 


Website: http://cep.henu.edu.cn 
Email: psq@henu.edu.cn 
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Welcome to the first NanjingTec 
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h “Exploring and Wisdom” 


International Young Scholars Forum 


About the Forum 

The first NanjingTech "Exploration and 
Wisdom" International Young Scholars 
Forum will be held in Nanjing from De- 
cember 26 to December 28, 2019. 

This forum aims to gather outstanding 
young scholars from different academic 
backgrounds at home and abroad, focus- 
ing on the integration of cutting-edge-re- 
search, such as artificial intelligence 
and big data, together with traditional 
industries. The forum aspires to build a 
stage for talents, exploring the frontiers 
of science, climbing academic peaks and 
promoting value creation. 

This forum is jointly organized by Nan- 
jingTech, Nanjing Jiangbei New Area 
and China Zhi Gong Party. It consists 
of a main forum and six sub-forums on 
life health, intelligent manufacturing and 
advanced materials, energy and environ- 
mental protection, digital finance, smart 
city and software information. We hereby 
invite outstanding young scholars at home 
and abroad to sign up for this event. 


Participants 

(1) Domestic invitees: national standard 
high level talents or corresponding stand- 
ard excellent talents. 

(2) Overseas invitees: With a Ph.D. 
from a well-known overseas university; 
or with a domestic doctoral degree and 
more than 2 years of continuous overseas 
research experience. For talents within 
the humanities and social sciences, or 
talents in shortage within the science and 
engineering, the qualification require- 
ments are flexible. 


Application 

If you are qualified and interested, please 
submit your resume (see Attachment 3 for 
details) and fill out the “Summary of the 
First NanjingTech “Exploration and Wis- 


dom” International Young Scholars Forum 
in 2019” (see Attachment 3 for details). 
Please send the above materials to: 
talent@njtech.edu.cn and note the subject 
of the email as “Name + Forum Partici- 
pation + Intention College”. 


Schedule 

Registration deadline: Dec. 5, 2019 
Invitation deadline: Dec. 10, 2019 
Forum Date: Dec. 26~28, 2019 


Expenses 

There is no charge for this forum. After 
you receive the official invitation, please 
book the tickets by yourselves (economy 
class air ticket or second-class high-speed 
rail ticket). NanjingTech will provide 
free meals and accommodation and offer 
reimbursement for round-trip transporta- 
tion expenses, for which original bills are 
required. (The maximum reimbursement 
is 15,000 RMB per person for European 
and the American invitees,etc; 8,000 RMB 
per person for Asian invitees; 6,000 RMB 
per person for domestic invitees, including 
Hong Kong, Macau and Taiwan). 


About NanjingTech 

Nanjing Tech University has a history of 
more than one hundred years as a cradle 
of education. It is one of the first batch of 
14 universities of the Higher Education 
Innovative Capacity Promotion Plan 
(“2011 Plan” for short). It is a 
key institution of higher learn- 
ing in Jiangsu Province, which 
is piloting comprehensive 
reforms and strategy for devel- 
oping a strong faculty of tal- 
ents. Nanjing Tech University 
is among of the first group of 
institutions of higher learning approved 
by the Chinese Ministry of Education for 
the training of “Excellent Engineers” and 
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the comprehensive reform of graduate 
education for professional degrees. 
Nanjing Tech University is located in 
the dual-core Jiangbei New District 
and National Free Trade Zone (Nanjing 
District) of the National New District, 
and was recognized as the “The Most 
Beautiful Campus in Nanjing”. Our uni- 
versity has 11 faculties, 29 colleges and 
more than 30,000 students, one first-rate 
National Key Discipline, one first-rate 
Jiangsu Provincial Development Base for 
National Key Disciplines, two Jiangsu 
University Development Bases for Na- 
tional Key Disciplines and four Jiangsu 
Provincial Preponderant Disciplines. It 
has seven postdoctoral research stations, 
six primary disciplinary categories that 
offer 38 doctoral programs in subordinate 
disciplines, 22 primary disciplinary cate- 
gories that offer 112 Master Degree pro- 
grams in subordinate disciplines and 87 
undergraduate programs which comprise 
eight. Nanjing Tech University is ranked 
56th in the Chinese mainland universities 
in ESI 2019(September) and Chemistry, 
Materials Sciences, Engineering and Bi- 
ology & Biochemistry are among the top 
1% in the world. 

With profound cultural heritage, rich en- 
trepreneurial atmosphere, beautiful cam- 
pus environment, first-class discipline 
platform, competitive remuneration pack- 
age and advanced intellectual property 


Contacts 
NanjingTech Office of Human Resources 


Contacts: Mr. Jin or Mr. Ji 
Phone Number: +86-25-58139291, +86-25-58139145 
E-mail: talent@njtech.edu.cn 


system, we sincerely welcome outstand- 
ing young talents at home and abroad to 
join Nanjing Tech University. 
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Seeking to promote mental health 

I Peking University 
Sixth Hospital, or 
Peking University 
Institute of Mental 
Health (IMH), is 
China’s topmost 
psychiatric hospital. 
Its director, Lin Lu, an 
academician of the 
Chinese Academy of Sciences (CAS), is seek- 
ing new therapies for mental and substance 
use disorders, two major health concerns in 
China. 

Professor Lu and his team have made 
great efforts to reveal the molecular and 
circuitry basis of consolidation, storage, dest- 
abilization and reconsolidation of pathologi- 
cal emotional memories and proposed a 
series of novel approaches, including proce- 
dures targeting conditioned and uncondi- 
tioned stimulus induced reconsolidation, to 
erase memories by making them unstable. 
Their proposed behavioral and drug treat- 
ments have been published in leading 
peer-reviewed journals, including Science 
and JAMA Psychiatry. 

With passion for science and compassion 
for patients, Prof. Lu’ s team has established a 
new method to eliminate adverse emotional 
reactions to the commonly used exposure 
therapy in the unconscious state of sleep, 
thus significantly relieving patients’ distress. 
Also committed to unraveling the relation- 
ship between sleep and mental health, Lu’ s 
team has found that sleep disturbances can 
increase the risk for developing dementia, 
and sleep disturbances and depression often 
coexist in the elderly as bi-directionally 
predicted. Several novel fast-acting antide- 
pressant candidates have been developed to 
reveal a new glutamatergic mechanism, 
filling the current treatment gap. 

Please feel free to contact Dr. Ping Wu, 
wuping@bjmu.edu.cn. 
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PEKING UNIVERSITY 
Brain Science at PKU 


Exploring Brain Extracelluar Space 

Professor Hongbin 
Han, the director of a 
key laboratory at 
Peking University 
(PKU),is leading a 
team working on 
brain Extracellular 
Space (ECS), which 
provides an immedi- 


ate living environment for neural cells and 
accounts for approximately 20% of the total 
volume of a living brain. So far he has devel- 
oped two measuring methods which can 
provide biophysical parameters of ECS and 
image the interstitial fluid (ISF) drainage in 
the whole brain. 

By using the self-developed measuring 
system, Dr. Han and his team have made a 
series of discoveries, i.e. brain ISF drains ina 
compartmentalized ECS system and the 
diffusion in different ECS divisions are dispa- 
rate. After verifying the nature of the barrier 
between divisions, Dr. Han has proposed the 
hypothesis of “compartmentalized local 
homeostasis”, namely, the brain is protected 
not only by Blood Brain Barrier (BBB) which 
avoids exogenous damage through the 
vascular system, but also by an internal 
drainage barrier to avoid potentially harmful 
interference from other divisions. Based on 
these new findings, a new drug delivery 
method via ECS has been established, by 
which the drug arrives directly to the space 
around neural cells, and overwhelms the 
impendence from BBB, thus solving the 
obstacles of low efficiency in traditional drug 
administration. At present, the new method 
and findings have been applied in many 
frontier fields of neuroscience, such as new 
drug development, aging, aerospace medi- 
cine, and artificial neural network modeling. 


Please feel free to contact Professor Hong- 
bin Han, hanhongbin@bjmu.edu.cn 
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Promoting Clinical Translation of Neu- 
roscience 

The Neuroscience Research Institute of 
Peking University, as the core research 
center for neuroscience at Peking University, 
is a key laboratory for Neuroscience of the 
Ministry of Education and the National 
Health Commission, China. Its history dates 
back to 1965, when Professor Han Ji-Sheng, 
now a member of Chinese Academy of 
Sciences (CAS) and internationally recog- 
nized for his research on acupuncture anal- 
gesia, began his pioneering work. 

At present, the Institute is devoted to 
bench and bedside studies in both tradition- 
al Chinese medicine and modern medicines, 
with special focus on translation neurosci- 
ence. Apart from the neurobiology of acu- 
puncture, the Institute’ s other research 
interests include pain and analgesia; drug 
addiction and its treatment; and neurode- 
generation, injury and repair. Publications 
have appeared in top journals, such as 
Nature Neuroscience, Nature Communica- 
tions, and the Journal of Neuroscience. Its 
basic research outcomes have been translat- 
ed into clinical devices, such as Han’ s Acu- 
point Nerve Stimulator, already widely 
applied to treat various disorders, such as 
pain, assisted reproduction, and autism. 

The Institute strives for excellence in both 
research and teaching, and aims to become 
a nationally leading and internationally 
recognized academic community of neuro- 
science. To accomplish this goal, we will con- 
tinue to embrace advanced techniques, 
multidisciplinary approaches and collabora- 
tive spirit. 


Please feel free to contact Ming Yi, Neuro- 
science Research Institute, Peking University, 
mingyi@hsc.pku.edu.cn 


Exploration of Brain Extracellular 


Space in China 


Professor Hongbin 
Han is the director of a 
key laboratory at 
Peking University (PKU) 
who is working on 
brain Extracellular 
Space (ECS), an incom- 
pletely understood and 


explored area which 
provides an immediate living environment for 
neural circuit and accounts for approximately 
15%-20% of the total volume in a living brain. 
Twenty-five years ago, as an interventional radi- 
ologist, Han engaged himself in the early diag- 
nosis and treatment of cerebral ischemia. While 
studying the permeability of blood-brain barri- 
er (BBB) by using dynamic contrast enhanced 
MRI, he, by accident, acquired a parameter of 
the space outside the cellular and vascular 
compartments. It was the first time that the ECS 
parameter of the human brain was detected 
and demonstrated by MRI. Since then, for 15 
years, he and his team have been working on 
developing new ECS measuring methods 
which can visualize the dynamic drainage 
process of labeled brain Interstitial Fluid (ISF) 
and obtain ECS parameters in the deep brain. 
There are two methods, RTI-TMA+ and IOI, 
which can help acquire the biophysical param- 
eters of brain ECS one or two-dimensionally, 
while the ECS in the deep brain cannot be 
detected and analyzed. Tracer-based MRI, the 
only one based on anisotropic modeling, can 
acquire and calculate the molecular diffusion 


wi 


parameters on a large scale and visualize the 
drainage route of the labeled ISF in the whole 
brain. 


By using their self-developed measuring 
system, Prof. Han and his team have made a 
series of discoveries about ECS and ISF. They 
have found that the brain ISF drains in a com- 
partmentalized ECS system and the biophysical 
characteristics in separated ECS divisions are 
different: the traced ISF from the caudate nucle- 
us drains to the ipsilateral cortex along myelin 
fiber tracts, while in the opposite direction, its 
movement to the adjacent thalamus is com- 
pletely impeded by a barrier structure which 
has been identified as the converged, compact 
myelin fascicle. After verifying the nature of the 
barrier structure between different drainage 
divisions, Prof. Han proposed the hypothesis of 
“compartmentalized homeostasis” and thus 
demonstrated that the brain is protected not 
only by BBB which avoids exogenous damage 
through the vascular system, but also by an 
internal ISF drainage barrier to avoid harmful 
interference from other ECS divisions. 

With the new findings and the proposed 
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hypothesis, an innovative therapeutic method 
for encephalopathy with local drug delivery via 
the brain ECS has been established. By using 
this new administration method, the drug is 
delivered directly to the space around neurons 
or target regions, overwhelming the impend- 
ence from BBB, thus removing the obstacles of 
low efficiency in traditional drug administration 
and re-adopting Citicoline, a neuroprotective 
drug declared ineffective by Nature Reviews 
Neurology in 2012. As the tracer-based MRI 
method can accurately calculate and predict 
the drug transportation and distribution routes 
in ECS, the location of drug administration and 
the concentration dose can be precisely 
designed according to the characteristics of the 
lesions. The results have shown that the treat- 
ment effect, with only 1/800 of the standard 
dosage, is 6 times better than the traditional 
method. Furthermore, the efficiency in adminis- 
tering the herbal medicine “Acteoside” via ECS 
at PKU School of Pharmaceutical Sciences, has 
also been enhanced. The research was 
approved as a US patented invention in 2015. 
Recently, a non-invasive brain ECS imaging 
technique has been established using MRI, 
which can scan ECS structure in the human 
brain. 

Today, these new measuring techniques and 
technologies have been applied in many fron- 
tier fields, such as neuroscience, new drug 
development, development and aging, aero- 
space medicine, clinical encephalopathy treat- 
ment and artificial neural network modeling. 
Neurologists used to focus only on brain cells 
and neural circuit, and few achievements have 
been made in treating AD and stroke patients 
via the two-compartment model. With the 
two-compartment model upgraded to the 
three-compartment model, more break- 
throughs in neuroscience are expected to be 
made in the future. 


Please feel free to contact Professor Hongbin 
Han, hanhongbin@bjmu.edu.cn 
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Beijing Normal University (BNU), as a 
venerable and dynamic institution, has a 
long-held tradition of partnering with 
leading academic institutions from around 
the world. Noted for its culturally rich and 
diverse environment, BNU endeavors to 
become a leader of higher education in 
China, Asia and even the world. 

The School of Systems Science (SSS) at 
BNU advocates interdisciplinary research 
in systems science through collaboration 
with other disciplines in natural, social, 
technical and economic sciences inside 
and outside BNU. Having such a uniquely 
collaborative environment together with 
outstanding research facilities, SSS aspires 
to excel internationally in the field of 
Systems Science. 

In 2018, SSS will establish an Interna- 
tional Science Center for Complex 
Systems on the Zhuhai campus of BNU in 
southern China. This center aims at the 
frontiers of scientific research and techni- 
cal innovation, specifically in the formation 
mechanism of human decision making 
behavior and its neural mechanism, 
together with data analysis of human 
behavior and artificial intelligence (includ- 
ing swarm intelligence). By mobilizing its 
top experts to lead key research projects 
in cooperation with talents around the 
world, this science center is expected to 
become an_ international platform for 
systems science development as well as 
an interface between academia, industry 
and governmental authorities. 


ie ——_" 
, ft 


pl 


| 


In order to carry out cutting-edge 
research in systems science, SSS intends 
to expand its research team. Its current 
research portfolio includes, but is not 
limited to the following fields: 

i. The fundamental theories of complex 
system. 

ii. Social and economic system. 

iii. The life ecosystem and the self-orga- 
nizing behavior of brain and cognition. 

iv. Multi-agent system and evolutionary 
algorithm. 

v. Information technology of artificial 
intelligence systems. 

vi. The science of science. 


| [bids tee Mack Contary GA Ba He Corturg 


of Criplently: 
—-Stephen Hawking, 2000. 


SSS sincerely welcomes famous schol- 
ars, academic leaders, promising young 
scholars and postdocs in interdisciplinary 
areas of systems science. The applicant is 
expected to have a doctoral degree in 
relevant orientation, a solid research 
foundation and outstanding research 
findings in the above-mentioned fields, 
with great potential for being an excellent 
teacher and tutor, at the same time an 
excellent team player in interdisciplinary 
collaboration. 

BNU will place each successful applicant 
in a proper position according to his/her 
academic background, research interests 
and teaching plan, and provide him/her 
with competitive salary, sufficient start-up 
fund, necessary laboratory and office 
space, and other reasonable supports. 
During the employment, BNU will evalu- 
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Feel free to contact us: 


Website: http://sss.bnu.edu.cn 
Email: sss@bnu.edu.cn 

Address: School of Systems Science, 
Beijing Normal University, No. 19, 
XinJieKouWai St., Haidian District, 
Beijing, P.R.China 100875 
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ate each faculty member’s capacity and 
potential and provide the best opportuni- 
ties for vocational development in line 
with the international conventions and 
common practices in academic circles. 

Over the years, SSS has made great 
contributions to the sustainable develop- 
ment of systems science in and outside 
China. Faced with the complex social and 
technological challenges, SSS will resume 
its effort to solve scientific problems in 
nature and society. By integrating many 
different yet relevant disciplines and 
building the international advanced 
research center of complex systems, SSS 
strives to cultivate 
high-level — interdisci- 
plinary talents so as to 
generate new knowl- 
edge, new minds, and 
new technologies that 
will promote the 
creation of a shared future for mankind. In 
time, SSS will become a crucial education 
and innovation incubator for big data, 
artificial intelligence, future brain and 
intellectual education. 

SSS cordially welcomes job applicants 
and visiting scholars with expertise in 
systems science and related areas. The 
school also welcomes research and educa- 
tion collaboration from China and the rest 
of world. 


“% Shenzhen University 
High-level Talents from Overseas 


SHENZHEN UNIVERSITY 


Shenzhen University (SZU) was founded as a public university in 1983 
located at the Nanshan Peninsula. Facing Hong Kong across the sea, it 
has undergone rapid growth and expansion in the past 36 years just like 
the city of Shenzhen, China’s most successful Special Economic Zone, 
and has become a comprehensive university with complete disciplines 
and facilities, and a strong faculty team. Acclaimed as one of “the 
most beautiful universities” in China, SZU is committed to becoming 
a university that manifests the development of Shenzhen, a window of 
China’s reform and opening up and a pilot zone of higher education. In 
the 2019 World University Ranking Analysis Report released by CUAA 
(Chinese University Alumni Association), SZU ranks 53rd nationwide, 
24th among China’s comprehensive universities, and 579th in the world. 
(CUAA’s report is based on the top 10 university rankings including the 
2018-2019 QS World University Rankings and US News rankings). 


Disciplines 

Consisting of 25 schools and 2 affiliated hospitals, SZU is a multi-dis- 
ciplinary university covers 11 disciplines including philosophy, liter- 
ature, economics, law, education, science, engineering, management, 
medicine, history, and art. Providing 96 undergraduate programs, it now 
boasts 5 state-level specialty programs, 14 provincial-level specialty 
programs, and 15 provincial-level key disciplines. It also has 10 first 
grade doctoral degree conferring disciplines, 9 post-doctoral mobile 
research stations, and | post-doctoral research center. 

SZU enjoys rich teaching resources and scientific research facilities. It 
has established several national engineering laboratories, national engi- 
neering technology research centers, key laboratories under the Minis- 
try of Education, international cooperation bases under the Ministry of 
Science and Technology and provincial key laboratories. 

Seven disciplines of the university have entered the top 1% of ESI: Engi- 
neering, Clinical Medicine, Material Science, Biology and Biochemistry, 
Computer Science, Chemistry and Physics among which Engineering, 
Computer Science and Materials Science have entered the world’s top 0.5%. 


Scientific Research 

SZU has been deepening the reform of the scientific research system, 
and the research projects and funding have grown significantly. In 2018, 
the total research funding exceeded 1.1 billion yuan with 302 new NSFC 
(National Natural Science Foundation of China) projects and 33 new 
NSSFC (National Social Science Foundation of China) projects, taking 
the lead in the country and ranking first in Guangdong. Our faculty pub- 
lished a total of 3,293 papers in SCI indexed journals and 238 papers in 
SSCI indexed journals, receiving 2,846 scientific research awards. 


Faculty Team 
SZU boasts many eminent scholars with a total of 2,387 full-time teach- 
ers, 50% of whom are senior professionals. 


With the strong backing of Shenzhen municipality, and on the strength 
of the Guangdong-Hong Kong-Macao Greater Bay Area, SZU will con- 
tinue to strive to become a global institution, foster high-quality inno- 
vative and entrepreneurial talents in the spirit of reform and innovation, 
strive for cultural leadership to realize innovative and qualitative devel- 
opment, and build the high-level Special Economic Zone University for 
the people. 


Talent Recruitment Plan in 2019 

SZU is seeking applicants with a strong background in all disciplines. 
We also appreciate the interest of candidates in employment at our 
growing institution. 


I. Qualifications (meet one of the following conditions): 

1. Applicants must be recognized as outstanding and high-level talents 
in the field of disciplines at home and abroad; 

2. Applicants must have more than 3 years research experience and have 
formal teaching or research positions in well-known universities and 
other institutions. 


II. Remuneration 

1. Remuneration: SZU provides competitive remuneration. The successful 
candidate with outstanding achievements in scientific research will be 
granted with an annual salary (pretax) up to 1.7 million yuan (about USD 
245,000); 

2. Research start-up funds: SZU provides funding through various channels. 
Funding for natural sciences can be up to 8 million yuan, for humanities 
and social sciences, up to 500,000 yuan. Start-up funds for academicians 
and outstanding talents with considerable contributions can be determined 
by negotiations; 

3. Competitive benefit package for high level talents in Shenzhen. (Ne- 
gotiable) 

4. Team building: SZU provides preferential policy for the successful candi- 
date to recruit postgraduates, post-doctors and full-time researchers; 

5. SZU will assist in the settlement of spouses and children of the successful 
candidate, and spousal hires may be arranged; 

6. Education support: The SZU Affiliated Education Group has kindergar- 
ten, primary school and secondary school to provide high-quality education 
services for the children of faculty and staff; 

7. Health care: The Shenzhen University General Hospital (First-Class Hos- 
pital at Grade III) provides quality medical services for faculty and staff. 


Contact 

For more information, please visit us at www.szu.edu.cn 

For further information regarding application procedures, please contact 
Ren Qiang at szuad@szu.edu.cn or 0086-755-26535295, 

Liang Fuxin at szurcb@szu.edu.cn or 0086-755-26918415. 
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Academic Positions Available at 
Anhui University of Technology, Ma’anshan, China 


nhui University of Technology (AHUT) was found- 

ed in 1958. It is a multidisciplinary universi- 

ty with engineering as its focus, while main- 

taining balanced programs in science, manage- 
ment, humanities, economics, law and arts. The universi- 
ty is located in Ma’anshan, Anhui Province, a city with ti- 
tles of “National Civilized City”, “National Gar- 
den City”, “Top Quality Environment City”, “Na- 
tional Tourism City”, and with 40 kilometers to Nan- 
jing, the “Capital City for Six Dynasties in An- 
cient China”. AHUT is a key institution of high- 
er learning in Anhui Province, one of the 100 key uni- 
versities in central and western China receiving priv- 
ileged support from the Chinese Ministry of Ed- 
ucation (MOB), and also a higher institution list- 
ed by MOE for implementing “Outstanding Engineering Ed- 
ucation Plan”. Its undergraduate teaching is rated “Excel- 
lence” in MOE’s national teaching-quality assessment. 


Recruitment Requirements 

A. Top-level Excellent Talents 

1.Qualifications Required 

1) First-level excellence 

Meet the excellence or equivalent level of Academi- 
cians of Chinese Academy of Sciences or Chinese Acade- 
my of Engineering. 


Contact information 
Contact person: Mr. Shi 


Tel: 86-555-2311647 
E-mail: ahgydxzp@163.com 
Address: NO.59 HuDong Road, Ma’anshan City, Anhui Province 


2) Second-level excellence 

Meet the excellence or equivalent level of Changjiang 
Scholarship Specialty Professors or the winner of Nation- 
al Outstanding Youth funds. 

3) Third-level excellence 

Meet the excellence or equivalent level of listed Can- 
didates of National Ten -Million Talents Project, 
National candidates of the New Century Talents Pro- 
gram, or listed candidates of other national key tal- 
ent platforms. 

2.Payment and Welfare 

Negotiable. 


B. Young Excellent Talents 

1. Requirements 

1) Doctoral degree obtained from well-known universi- 
ties (institutions) 

2) Research experiences forover two years with great po- 
tential. 

2.Payment and Welfare 

1) Payment of Professor & Associate Professor; 

2) Setting-in allowance: 100,000 RMB; 

3) Research start-up fund: 100,000-400,000 RMB; 

4) Housing subsidy : 200,000-500,000RMB; 
5)Transitional housing with over 90 square meters 

6) Spouse’s job placement. 
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Changsha University 
Dedicated for Regional First-Class University with Global Intelligence 


Faculty Opportunities in Changsha Universit 
Located in the historical and cultural city of Changsha, capital of Hunan Prov- 
ince, Changsha University (CCSU) is proudly designated as application-ori- 
ented university in Industry-University Cooperation Program of National 
“Thirteenth Five-Year Plan”. As one of the few newly authorized universities 
in Hunan Province to establish postgraduate programs and the only munici- 
pal-level university in Changsha City, CCSU enjoys both provincial and mu- 
nicipal funding and is principally directed by municipal administration. Boast- 
ing 133 hectares garden-like campus, CCSU runs 16 schools (departments) 
with 44 undergraduate programs, and attracts 1,029 faulty members and over 
14,300 full-time students. With decades of dedication, a multidisciplinary de- 
velopment vision in CCSU has been generally realized, featuring a diverse yet 
integrated structure including science, engineering, law, management, human- 
ities and arts, which is prominently underpinned by engineering application 
programs with strong support from programs in cultural creativity and modern 
service fields. To further pursue excellence in both research and innovation, 
we earnestly seek for qualified candidates worldwide, offering favorable envi- 
ronment and facilities, internationally competitive salaries and benefits. 


Requirements, Remuneration and Benefits 


Recruitment Disciplines 

Civil Engineering, Transport Engineering, Management 
Science and Engineering, Mechanical Engineering, Power 
Engineering and Thermophysics Engineering, Material Sci- 
ence and Engineering, Computer Science and Technology, 
Software Engineering, Information and Communications 
Engineering, Control Science and Engineering, Mining En- 
gineering, Electrical Engineering, Mathematics, Electronic 
Science and Technology, Optical Engineering, Instrument 
Science and Technology, Physics, Cyberspace Security, 
Chemistry, Biology, Pharmacy, Fisheries Science, Animal 
Husbandry, Ecology, Drama and Film Studies, Chinese Lan- 
guage and Literature, Journalism and Communication, Art, 
Law, Foreign Language and Literature, Business Manage- 
ment, Geography, Applied Economics, Public Management, 
Educational Economics and Management, Architecture, 
Music and Dance, Marxist Theory, Politics, Philosophy, His- 
toriography, Physical Education, Psychology . 


Remuneration and Benefits 


1. Research startup fund: RMB 5,000,000 or above for 
natural sciences; RMB 1,500,000 for social sciences; 

2. Housing allowance: RMB 2,000,000. 

3. Annual salary (pre-tax): RMB 1,150,000 or above. 


1. Research startup fund: RMB 2,000,000 or above for 


ing Youth Program; associate professors or scholars with the equivalent natural sciences; RMB 800,000 for social sciences; 


institutes; senior technical or managerial specialists from world-renowned 3. Annual salary (pre-tax): RMB 700,000 or above. 


1. Research startup fund: RMB 1,000,000 or above for 


equivalent or above academic achievements from elite international uni- natural sciences; RMB 500,000 for social sciences; 


3. Annual salary (pre-tax): RMB 500,000 or above 


1. Post-doctor or Ph.D holder, candidates with consecutively 3+ years of 1. Research startup fund: RMB 50,000-100,000 for nat- 
working experience in industries or enterprises related to their research ural sciences; RMB 30,000-50,000 for social sciences; 


2. Housing allowance: RMB 300,000-600,000. 
3. Annual salary (pre-tax): RMB 150,000 or above. 


Positions Requirements and Qualifications 
Qualified to be listed in “Overseas high-level talents introduction pro- 
Teanin gram”, China National Funds for Distinguished Young Talents; professors 
Schol e or scholars with the equivalent academic achievements from elite interna- 
cholars : RLM ase 4 ; dee 
tional universities or institutes; senior technical or managerial specialists 
from world-renowned enterprises or institutions. 
Qualified to be listed in “Overseas high-level talents introduction pro- 
gram” for young professionals, National Science Foundation for Outstand- 
Academic 
Leaders or above academic achievements from elite international universities or 2. Housing allowance: RMB 1,200,000. 
enterprises or institutions. 
F Elite Chinese young scholars; assistant professors or scholars with the 
Academic 
Back- Ate ue : 4 Q : eat : 
es versities or institutes; intermediate technical or managerial specialists 2. Housing allowance: RMB 800,000. 
from world-renowned enterprises or institutions. 
Excellent 
Doctors 
and Post 
fields . 
Doctoral : we : 
ae 2. Comparatively strong and promising research capacity. 


1, Candidates are required to be able to teach in correct and fluent Chinese; 
2. Individual treatment for candidate with outstanding achievements is negotiable; 
3. Special treatment for academic team recruitment is negotiable. 


Contact person: Mr Nan Mr Li 


Telephone: 0731-8426 1360 Mailbox: ccsuhr@163.com Website: www.ccsu.cn 
Address: No.98 Hongshan Road, Kaifu District, Changsha City, Hunan Province 


Scan the code 
for application 
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THETICAL AUTOMATION 


Please feel free to contact Dr. Jialu Fan or 
Prof. Jinliang Ding, State Key Laboratory 
of Synthetical Automation for Process 
Industries, Northeastern University: 
jlfan@mail.neu.edu.cn 
jlding@mail.neu.edu.cn 


Automation Science and Technology atNEU 


Seeking to promote automation and intelligence of process industry 
"A" The State Key Laboratory of Synthetical Automation for 
Process Industries (Northeastern University) is China’s 
topmost lab in information science area. It’s director, 
Tianyou Chai, an academician of the Chinese Academy 
of Engineering (CAE), IEEE Fellow and IFAC Fellow, 


is seeking new theory and technology for Industrial AI, 
main concerns of smart manufactory. 


Professor Chai and his team have made great efforts to develop pioneer- 
ing automation science and technology to address the challenges in a 
systematic manner, so as to accentuate benefits to the industry. These 
show novel methods to confront various industry-specific important 
complexities such as different time scales, extreme process and opera- 
tional nonlinearities, multiple and strongly coupled operational indices, 
frequently changing process conditions and widely varying raw material 
composition. His works emphasize the modeling and feedback control 
challenges due to lack of methods for on-line quantification of produc- 
tion indices such as energy and material consumptions, product quality 
and production efficiency; and strongly coupled and often contradictory 
performance indices involving difficult design and control compromises. 
Moreover, these discuss difficulties in using existing control methods in 
this industry due to wide fluctuations in production/process variables, 
which involve frequent adjustments of multiple set-points. Consequently, 
the control targets could not be accurately tracked in a timely manner, 
which would lead to high energy and resource consumptions, and low 
product quality. 


Professor Chai and his team have developed data-driven dual closed-loop 
intelligent optimal operational control methods. The proposed methods 
employ a two-layer structure: a control loop setting layer; and a closed- 
loop control layer. Owing to vast and nonlinear variations in the compo- 
sitions of raw materials, the control loop setting layer is to generate the 
time- and process-varying set-points. The closed-loop control layer is to 
achieve set-point tracking considering virtual unmodeled dynamics com- 
pensation. 


The proposed methods employ detection of potential faults caused by in- 
appropriately selected set-points, and a self-adjusting strategy that adjusts 
the set-points to ensure minimal unscheduled process interruptions. Subse- 
quently, they proposed an intelligent closed-loop optimal control method 
composed of the control loop pre-set model, performance indices forecast- 
ing model, feedforward and feedback compensators, fault condition diag- 
nosis and self-adjusting intelligent controllers. 


The technology developments have contributed enormously to eco- 
nomic developments in China and a few other countries. These include 
the largest hematite and magnesia production plants. These have also 
been implemented for alumina, nickel and cobalt production plants in 
Vietnam and Papua New Guinea, which have provided significant eco- 
nomic benefits. The technology has helped industry to improve metal 
recovery rate by 2.01%, grade concentration by 0.57% and energy 
consumption reduction by 20%, which amounted to increase in oper- 
ating profit of 6.5 million dollars for the hematite mineral processing 
enterprise. The applications in the magnesia production enterprise also 
showed significant economic 
benefits. These included 5.12% 
reduction in energy consumption 
per ton of the material, 2.5% 
increase in the rate of finished 
magnesia and 2.7% reduction in 
electrode dissipation, which cul- 
minated in annual profit increase 
of 5.Smillion dollars. 


Laboratory Introduction 

The State Key Laboratory of Synthetical Automation for Process Industries 
(SAPI) pursues fundamental research and advanced cutting-edge technology 
development to meet the requirements on high automation performance, in- 
telligent and optimal manufacturing in process industries. Technically, SAPI 
focuses on the development of data-driven control theory and technology, in- 
cluding intelligent data modelling, advanced control and smart decision-mak- 
ing techniques for complex process industries. 


SAPI has very strong leadership in academia and has attracted many out- 
standing academics around the world, including 2 CAE Academicians (one 
is elected in 2019), 9 Distinguished Young Scholars of Natural Science 
Foundation of China and 9 Chair Professors of Cheung Kong Scholars 
Program, 4 NSFC innovative research groups, and 2 Discipline Basements 
of Innovation and Talent Recruitment (111 Plan). 


SAPI has established experimental platforms for teaching and research on 
the following specific topics such as intelligent data modelling, control 
and decision-making; smart control system design for process industry, 
big data processing for industrial monitoring systems, networked control 
systems and cloud computing; and integrated automation system design. 


Along with the associated National Engineering Research Center, SAPI 
continuously renovates itself and opens a door for rapidly transferring fun- 
damental research outcomes to advanced technologies with applications. 
Over the past years, SAPI has devoted to developing a theoretical frame- 
work for operational optimization and control, which is well recognized 
internationally. Its technical contributions have been reflected by many 
best paper awards of top journals and prestigious international conferenc- 
es. On September 11th, 2013, Vice Premier of China, Yandong Liu, visited 
SAPI and made the following comments: In regard to the great demand for 
production automation, the lab has deeply integrated industrialization with 
information technology, academic study with talent training, and scientific 
research with industrial applications, and has achieved great innovative 
accomplishments with great reputation and recognition by international 
experts. These contributions substantially support the national goal of 
industrial production automation, which could play an important role in 
implementation of the ‘Four Modernizations’ of China. 


SAPI carries out extensive and comprehensive international collaboration, 
having a great impact on the global research and engineering community. 
Three former presidents of IEEE Control System Society, Prof. Roberto 
Tempo, Prof. Maria Elena Valcher and Prof. Francesco Bullo, visited SAPI 
in 2010, 2015 and 2018, respectively, and they all give high appraisal. For 
example, Prof. Bullo made the comments: “I am especially thankful to 
Prof. Tianyou Chai for hosting me at Northeastern University in Shenyang, 
China. His highly regarded State Key Laboratory is a truly unique and im- 
pressive center focused on control science and technology transition in the 
context of automation and greening of complex industrial processes.” 


Research fellows and PhD graduates in related fields, such as information 
science, computer, artificial intelligence or mathematics, are warmly wel- 
come to join us. Our mission is to promote industrial automation to indus- 
trial artificial intelligence. We will provide competitive salary and start-up 
funding support, excellent facilities and environment. 


ADVERTISEMENT 


Welcome back to hometown. 
Thousands of academic job vacancies are in fast-developing China. 


On-the-spot Recruitment in UK 
Dec. 10, 2019 Imperial College London 
Dec. 11, 2019 Queen Mary University of London 


On-the-spot Recruitment in France 
Dec. 14, 2019 Pierre and Marie Curie University 
Dec. 15, 2019 Université Paris-Sud 


Participating Universities 
Notheastern University 

Xuzhou Medical University 

Shanghai University of Electric Power Scan the QR code to apply 
The First Affiliated Hospital of Jinan University foo URSbrance Job Felt 


Online Job Fair 
Dec. 21, 2019(GTM+8) www.edu.cn/cv 


Participating Universities 
Shanghai University of Political Science and Law, Nanchang University, 
Xian Technological University, Inner Mongolia University of Technology, 


6 2 2 4 , ; : ‘ ScantheQRoodeto 
Inner Mongolia University of Finance and Economics, Inner Mongolia University, apply for Online Job Fair 


Hunan University of Technology and Business, China Three Gorges University, 
Hubei University of Technology, Wuhan Polytechnic University, 
iangsu Normal University, Northeastern University, Hangzhou Now 
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Thousands of reasons 
to stay abroad, 

but one decision to 
return-to the roots. 
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Tianjin Normal University 


SHANGHAL INTERNATIONAL STUDIES UNIVERSITY 
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A WORLD WOR@$H EXPEORING 


INSERM IS RECRUITING: 

60 TENURE POSITIONS: ARE-OFFERED 
TO RESEARCHERS: M/F:DEDICATED 
TO BIOMEDICAL RESEARCH 


Candidates to Research Associates must have a PhD 
(or equivalent degree). There is no nationality restriction. 


kiaim 


Inserm is the only French public research institute to focus entirely on 
human health. 

The Institute brings together 15,000 researchers, engineers, technicians, 
and administrative staff around one common goal: to improve the 
health of all by advancing knowledge of life and disease, innovation in 
treatment, and public health research. 

Through its diversity of approaches, Inserm provides a unique 
environment for researchers. 

In order to lead its research policy as effectively as possible, Inserm owns 
over 350 research structures spread across France and abroad. 


Application modalities: visit ourwebsite: https://eva3-accueil.inserm.fr 
Application deadline: January 14th, 2020 - 5.00.90m (GMT+1) 


" Inserm | 


From science to health 


The University of Missouri (MU) invites aplications for a faculty position 
in the Department of Otolaryngology-Head and Neck Surgery. Candidates 
should have an earned doctorate and the ability to lead a federally-funded 
research group in an area that would complement existing strengths in 
medical biochemistry. Applications at the Assistant Professor level are 
encouraged, but candidates at a higher level will be considered if there 
is evidence of continuous extramural research funding, high impact 
publications and excellence in teaching and service expected of tenured 
faculty at a research-intensive university. 


For additional information about the position, please contact: 
Robert P. Zitsch III, M.D. 

William E. Davis Professor and Chair 
Department of Otolaryngology—Head and Neck Surgery 
University of Missouri—School of Medicine 
One Hospital Dr MA314 DC027.00 
Columbia, MO 65212 
zitschr@health.missouri.edu 


To apply for a position, please visit the MU website at: 
hrs.missouri.edu/find-a-job/academic/ 


The University of Missouri is an Equal Opportunity/Access/Affirmative 
Action/Pro Disabled & Veteran Employer. We are fully committed to 
achieving the goal of a diverse and inclusive academic community of 

faculty, staff and students. We seek individuals who are committed to this 
goal and our core campus values of respect, responsibility, discovery 
and excellence. 


VIM WILLIAM 


Virginia Institute of Marine Science 


Endowed Chair in Shellfish Aquaculture 
and Program Coordinator 
Associate/Full Professor 


The Virginia Institute of Marine Science (VIMS)/School of 
Marine Science of William & Mary invites applications for a full- 
time tenure-eligible Associate/Full Professor. The position will 
begin in Fall 2020. 


Qualifications: The successful candidate will hold an earned 
Doctorate (Ph.D.) or an equivalent degree in Marine or Biological 
Sciences or a related discipline. Candidates must have research 
interests and demonstrated experience in molluscan shellfish 
aquaculture. Individual interests could include, but are not limited 
to, commercial aquaculture methods, larval biology, aquaculture 
nutrition, aquaculture-environment interactions, aquaculture-society 
interactions, aquaculture health, genetics and breeding, and 
physiology. Candidates must have a strong scholarship record 
commensurate with experience, demonstrated potential to establish 
an active research program, demonstrated potential for excellence 
in teaching, and strong communication skills. We are seeking 
candidates who share VIMS’ commitment to the principle that 
diversity and inclusion are critical to maintaining excellence. 


Responsibilities: VIMS is seeking to fill an endowed faculty po- 
sition, the Marshall Acuff Professorship, within its Department of 
Fisheries Science with a nationally and internationally recognized 
scholar whose expertise will complement our existing strengths in 
shellfish aquaculture and provide strategic leadership in coordinat- 
ing our institute-wide Shellfish Aquaculture Program. The success- 
ful candidate will be expected to develop an extramurally-funded 
research program, contribute to the development of an aquaculture 
curriculum, participate in advisory service and outreach related to 
aquaculture, and provide leadership in driving the continued de- 


velopment and sustainability of shellfish aquaculture in the region. 


About the Virginia Institute of Marine Science: Chartered in 
1940, the Virginia Institute of Marine Science is currently among 
the largest marine research and education centers in the United 
States. VIMS has a three-part mission to conduct interdisciplinary 
research in coastal ocean and estuarine science, educate students 
and citizens, and provide advisory service to policy makers, 
industry, and the public. The School of Marine Science at VIMS is 
the graduate school in marine science for William & Mary. VIMS 
currently employs 55 full-time faculty members and 256 staff, 
and has 90 graduate students in Master’s and Doctoral programs. 
There are four academic departments at VIMS: Aquatic Health 
Sciences, Biological Sciences, Fisheries Science, and Physical 
Sciences. Further information on VIMS and the School of Marine 
Science may be accessed at: http://www.vims.edu. 


Application materials for the position should include: 1) a cover 
letter describing professional education, experience, and suitabil- 
ity for the position; 2) a full curriculum vitae; 3) a statement on 
research interests and teaching philosophy, including a specific 
statement on how the applicant is interested in and fully committed 
to diversity and inclusion (3 pages maximum); and 4) the names 
and titles, institutional addresses, email addresses, and telephone 
numbers of five references. 


Application materials should be addressed to: Search Committee 
Chair, Shellfish Aquaculture Program Coordinator, and will be 
accepted through our Online Application System at https://jobs. 
wm.edu/postings/37676 


Application materials are due February 2, 2020 for full consider- 
ation. Applications received after that due date will be considered 
if needed. 


William & Mary values diversity and invites applications from 
underrepresented groups who will enrich the research, teaching 
and service missions of the university. The university is an 
Equal Opportunity/Affirmative Action employer and encourages 
applications from women, minorities, protected veterans, and 
individuals with disabilities. William & Mary conducts background 
checks on applicants for employment. 


myIDP: 
A career plan customized 
for you, by you. 


Science 


Features in myIDP include: 
= Exercises to help you examine your skills, interests, and values. 


=" Alist of 20 scientific career paths with a prediction of which ones best fit your 
skills and interests. 


=" A tool for setting strategic goals for the coming year, with optional reminders to 
keep you on track. 


= Articles and resources to guide you through the process. 
=" Options to save materials online and print them for further review and discussion. 


= Ability to select which portion of your IDP you wish to share with advisors, 
mentors, or others. 


=" Acertificate of completion for users that finish myIDP. 


IDR Visit the website and start planning today! 
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UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN 


Kearns Metcalf and Flint Endowed Chair in Insect Toxicology 
Department of Entomology, School of Integrative Biology 


The School of Integrative Biology and the Department of Entomology at the University of Illinois at Urbana-Champaign invite applications from outstanding 
scholars with a stellar record of accomplishments and an international reputation for excellence to hold the Kearns Metcalf and Flint Endowed Chair in 
Insect Toxicology, a full-time, 9-month faculty position at the level of full professor with indefinite tenure. Salary is commensurate with qualifications. 
Toxicology is defined broadly here to encompass the study of any chemical substance with detrimental effects on arthropods and thus candidates working 
in the areas of chemical ecology, venom biology, insect pathology, plant-insect interactions, chemical signaling, and allied disciplines are welcome to apply, 
as are candidates working on pesticide mode of action, detoxification, environmental persistence, and resistance evolution. The successful candidate will be 
expected to develop an externally funded research program, teach at the undergraduate and graduate levels, and collaborate with other faculty to develop 
research initiatives. The ideal candidate will work at the interface of some combination of toxicology, physiology, molecular genetics, and genomics. A PhD in 
biology, entomology, plant biology, physiology, molecular genetics, genomics, or other relevant areas is required. The proposed start date is August 16, 2020. 


The Illinois College of Liberal Arts and Sciences is a world leader in research, teaching, and public engagement. Faculty in the College create knowledge, 
address critical societal needs through the transfer and application of knowledge, and prepare students for lives of impact in the state, nation, and globally. 
To meet these objectives, the College embraces and values diversity and difference through hiring faculty candidates who can contribute through their 
research, teaching, and/or service to the diversity and excellence of the Illinois community. The University of Illinois is an Equal Opportunity, Affirmative 
Action employer. Minorities, women, veterans and individuals with disabilities are encouraged to apply. For more information, visit http://go.illinois.edu/ 
EEO. The Department of Entomology has a longstanding reputation for its paradigm-changing research in entomology and its distinguished graduates who 
have provided leadership in research, teaching, and professional service to the discipline of entomology. Our emphasis is on basic biology, with the goal of 
discovering new knowledge about the biology of insects as models for understanding basic principles and as organisms whose distinctive attributes have 
contributed to unparalleled diversity and economic impact. Within entomology, core strengths are in ecology, systematics and evolution, physiology and 
behavior, genomics, and integrative pest management, with vector-borne disease, invasion ecology, chemical ecology, and pollinator health as major areas 
of interest. Complementing line faculty are more than a dozen campus affiliates from four Colleges and the Illinois Natural History Survey. 


To ensure full consideration please create your candidate profile through https://go.illinois.edu/KMFChair and upload your application materials: application 
letter addressed to search committee chair Dr. Gene Robinson, curriculum vitae, statement of research interests, statement of teaching philosophy and 
experience, and contact information for three or more professional references by the closing date of January 20, 2020. Letters of recommendation may 
be requested electronically from referees at a later date. Only applications submitted through the University of Illinois Job Board will be considered. For 
further information, contact Kearns Metcalf and Flint Endowed Chair in Insect Toxicology Search Committee sib@life.illinois.edu or call 217 333-3488. 
Applicants may be interviewed before the closing date; however, no hiring decision will be made until after that date. The University of Illinois conducts 
criminal background checks on all job candidates upon acceptance of a contingent offer. 
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The University of Chicago: Biological Sciences Division: 
Department of Medicine 


Confused about ee eee 
osition Description 
your next Career move? The University of Chicago’s Department of Medicine, Section of 


Gastroenterology, Hepatology and Nutrition, seeks a full-time gastroenterologist 
for appointment as a Clinical Associate for a renewable two-year term. 


Download Free Career Clinical responsibilities will include seeing outpatients in general GI 

YW Advice Booklets! clinics, and performing outpatient endoscopy, primarily at satellite clinics 
in Chicagoland area locations. This position does not require teaching 

ScienceCareers.org/booklets or scholarly activity. Compensation (including a generous package 


of fringe benefits) is dependent upon qualifications and experience. 


Prior to the start of employment, qualified applicants must: (1) have 
an medical doctorate or equivalent, (2) hold or be eligible for medical 
licensure in the State of Illinois, and (3) be BC/BE in Gastroenterology. 


CARTER 
TRENDS 


To be considered, those interested must apply through The University of 
Chicago’s Academic Recruitment job board, which uses Interfolio to accept 


applications: http://apply.interfolio.com/70000. Applicants must upload: a 
CV. Review of applications ends when the position is filled. 


For instructions on the Interfolio application process, please visit http://tiny. 
cc/InterfolioHelp. 


Equal Employment Opportunity Statement 

The University of Chicago is an Affirmative Action/Equal Opportunity/ 
Disabled/Veterans Employer and does not discriminate on the basis of race, 
color, religion, sex, sexual orientation, gender identity, national or ethnic 
origin, age, status as an individual with a disability, protected veteran status, 
genetic information, or other protected classes under the law. For additional 
information please see the University 5 Notice of Nondiscrimination. 


= Job seekers in need of a reasonable accommodation to complete the application 
process should call 773-702-1032 or email equalopportunity@uchicago. 
“go edu with their request. 
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Turning a blind eye 


his summer, I killed a bird while on a research trip. The project leader and I were sitting under 
a tree, protected from the hot sun, while we placed leg bands on birds we had just caught. I 
hadn’t handled a bird in a year, and I was nervous that it would escape. I held the bird tightly 
as it struggled in my hand. Then, as I readjusted my grip, I saw it was lying limp. “Is he OK?” 
I asked the project leader in a shaky voice. I handed her the bird and she looked down un- 
comfortably, setting it on the ground. We both stared at it, wishing the wind blowing its chest 
feathers was actually its heartbeat returning. 


Tm not an ornithologist; I’m a Ph.D. 
student who studies soil biology. 
But I had worked on birds as an 
undergraduate student, and I was 
assisting the project leader, a close 
friend, with her research. I make the 
cross-country trip each year to help 
her and welcome it as a fun change 
of pace from my usual fieldwork, 
which involves digging up soil sam- 
ples from agricultural fields. 

This year, though, the experi- 
ence left me in turmoil. It’s not un- 
common for animals to die when 
biologists catch them—and some 
scientists consider this an unavoid- 
able cost of doing research—but the 
knowledge that I had taken a life 
nagged at me. I felt ashamed of my 
mistake and agonized over the bird 
for days. 

After I traveled back to my uni- 
versity and reoriented myself to my dissertation research, I 
realized that I had more on my conscience than the acciden- 
tal killing of one bird. I regularly capture and preserve huge 
numbers of soil invertebrates (mites, beetles, and other crit- 
ters) for my research; this summer alone I killed more than 
10,000. I had turned a blind eye to this invertebrate massacre. 
But as I resumed my normal work, sorting and categorizing 
hundreds of vials of dead invertebrates, the conflict between 
my methods and my values increasingly weighed on me. 

I face similar struggles in my personal life. Before grad 
school, I was dedicated to walking or biking around town and 
buying food from local and organic sources. In grad school, 
where I’m pressed for time and money, I drive more often 
and have become increasingly relaxed about my consumer 
choices. Conventionally farmed bananas shipped thousands 
of kilometers to Vermont are often the easiest and cheapest 
snack option I can find, even though eating them while I re- 
search sustainable agriculture feels enormously hypocritical. 

Scientific research can make a real difference in the 


“As researchers, we must be 
mindful of the 
ethical dimensions of our work.” 


world. But I’ve come to realize 
that the life of a scientist comes 
with ethical trade-offs, including 
ones that aren’t easy to stomach— 
or avoid. Some scientists, such as 
myself, may debate the ethics of 
methods that could harm or kill 
animals. Others may struggle with 
whether it’s the right choice to fly 
around the world to meetings about 
climate change. 

I entered my Ph.D. program be- 
cause I care deeply about environ- 
mental conservation, and I want to 
stay grounded and true to those mo- 
tivations. But I am not perfect. I’ve 
made compromises between getting 
research done and following my per- 
sonal values. Although these compro- 
mises can be necessary and practical, 
I sometimes look back and wonder 
whether I cut the wrong corners. 
The unfortunate reality is that in grad school, moments of 
reflection are sometimes difficult to come by. Juggling classes 
and research, jumping through various Ph.D. milestones, and 
learning technical and professional skills—on top of worrying 
whether my research is novel, relevant, and impactful—leave 
me little time and emotional space for much else. 

Going forward, though, I want to be more deliberate 
about these ethical considerations. I plan to ask myself 
whether my methods are truly necessary and to think more 
carefully about ways to minimize harm or risk. 

The death of this bird hit me as a wake-up call, forcing 
me to reflect and recalibrate. In grad school, it’s easy to be 
consumed by pressures and demands. But it’s important to 
have moments where we can step back and reconnect with 
our values. As researchers, we must be mindful of the ethi- 
cal dimensions of our work. 


Eva Kinnebrew is a Ph.D. student at the University of Vermont in 
Burlington. Send your career story to SciCareerEditor@aaas.org. 
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